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1. Summary/ Zusammenfassung

1. Summary

Avian pathogenicEscherichia coli(APEC) represent a subset of the so-called
extraintestinal pathogeniEscherichia coli(EXPEC) pathotype that can cause various
extraintestinal infections in humans and animal®EL are the causative agent of
localized colibacillosis osystemic infection in poultry. In this latter casiee syndrome
starts as an infection of the upper respiratorst taad develops into a systemic infection.
Generally, EXPEC are characterized by a broad tyadt virulence-associated factors
that may contribute to pathogenesis. Major viruéefactors, however, that clearly define
this pathotype, have not been identified. Insteadience-associated genes of EXPEC
and thus also of APEC could be used in a mix-anttiméashion. Both pathotypes could
not be clearly distinguished by molecular epideoyyl and this suggested a hypothetical

zoonotic risk caused by APEC.

Accordingly, the main scientific question of thisudy was to characterize
common traits as well as differences of APEC anthdru EXPEC variants that could
either support the possible zoonotic risk posedih®se pathogeni&. coli strains or
indicate factors involved in host specificity. Coangtive genomic analysis of selected
APEC and human EXPEC isolates of the same serotypeated that these variants
could not be clearly distinguished on the basi§)ofeneral phenotypes, (ii) phylogeny,
(i) the presence of typical EXPEC virulence genesd (iv) the presence of
pathoadaptive mutations. Allelic variations in gem®ding for adhesins such as MatB
and CsgA or their regulators MatA and CsgD havenlmeserved, but further studies are

required to analyze their impact on pathogenicity.

On this background, the second part of this thésisised on the analysis of
differences between human EXPEC and APEC isolatdseagene expression level. The
analysis of gene expression of APEC and human Ex@ttder growth conditions that
mimick their hosts should answer the question wdrethese bacterial variants may
express factors required for their host-specificithe transcriptomes of APEC strain
BEN374 and human EXPEC isolate IHE3034 were condptralecipher whether there
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was a specific or common behavior of APEC and humBaREC, in response to the
different body temperatures of man (37°C) or pgu(@l1°C). Only a few genes were
induced at 41 °C in each strain relative to groatti37 °C. The group of down-regulated
genes in both strains was markedly bigger and mancluded motility and chemotaxis
genes. The results obtained from the transcriptogemomic as well as phenotypic
comparison of human EXPEC and APEC, supports & odl a potential zoonotic risk of

APEC and certain human ExPEC variants.

In the third part of the thesis, the focus was@ethe characterization of Mat
fimbriae, and their potential role during ExPECeittion. Comparison of theat gene
cluster in K-12 strain MG1655 and O18:K1 isolateEB®34 led to the discovery of
differences in (i) DNA sequence, (ii) the presenck transcriptional start and
transcription factor binding sites as well as (i structure of thematAupstream region
that account for the different regulation of Manhlfiriae expression in these strains. A
negative role of the H-NS protein on Mat fimbriagoession was also proven at 20 °C
and 37 °C by real-time PCR. A major role of thimlfirial adhesin was demonstrated for
biofilm formation, but a significant role of Matnfibriae for APECin vivo virulence
could not yet be determined. Interestingly, theeabs of either a functionahatA gene
or that of the structural genesatBCDEF independently resulted in upregulation of

motility in E. coli strains MG1655 and IHE3034 by a so far unknownharism.

In conclusion, the results of this thesis indicateonsiderable overlap between
human and animal EXPEC strains in terms of genamesaot and phenotypes. It becomes
more and more apparent that the presence of a cammetm®f virulence-associated genes
among EXPEC strains as well as similar virulencemegexpression patterns and
phylogenetic backgrounds indicate a significantratiz risk of avian-derived. coli
isolates. In addition, new virulence factors ideedi in human EXPEC may also play a

role in the pathogenesis of avian EXPEC.
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Zusammenfassung
VogelpathogeneEscherichia coli (APEC) sind eine Untergruppe der sogenannten

extraintestinal pathogendfscherichia coli(EXPEC), welche Infektionen aul3erhalb des
Verdauungstraktes beim Menschen und vielen Tiesrargachen kénnen. EXPEC sind
durch eine Vielzahl Virulenz-assoziierter Faktodrarakterisiert, die zur Pathogenese
beitragen kdnnen. Haupt-Virulenzfaktoren, die e@wedeutige Zuordnung zu diesem
Pathotyp erlauben, wurden jedoch noch nicht idiergit. Die Virulenz bei EXPEC und

somit auch bei APEC scheint auf der kombinierteprEssion von Virulenzfaktoren zu

beruhen. Beide Pathotypen kénnen daher nicht eilgdaufgrund des Genomgehaltes

sowie molekularer Epidemiologie voneinander untaesten werden.

In der vorliegenden Arbeit sollten Gemeinsamkeisawie Unterschiede bei
ausgewahlten APEC- und humanen ExXPEC-Isolaten éshgn Serotyps untersucht
werden, um nahere Hinweise auf ein Zoonoserisikerhalten oder um Faktoren zu
charakterisieren, die zur Wirtsspezifitat beitrag@mnen. Vergleichende Analysen des
Genomgehaltes zeigten, dass diese Varianten nidbtusmd (i) genereller Phanotypen,
(ii) ihrer Phylogenie, (iii) der Anwesenheit typrssr Virulenz-assoziierter Gene sowie
(iv) pathoadaptiver Mutationen voneinander unteestdn werden konnen.
Interessanterweise wurden bei manchen IsolaterivAtiationen in Genen beobachtet,
die fur Adhasine wie MatB und CsgA sowie fur ihredrlatoren (MatA und CsgD)
kodieren. lhre mdgliche Bedeutung fiur die Virulenmfd jedoch weiter analysiert

werden.

Im zweiten Abschnitt dieser Arbeit wurde unterduabb sich eng verwandte
Vogel- und humane ExXPEC-Isolate hinsichtlich ihB@Emexpression unterscheiden. Um
zu untersuchen, ob die Korpertemperatur des Mens(3ie°C) oder von Geflugel (41
°C) einen unterschiedlichen Einflu3 auf die balkdéri Genexpression hat und somit zur
Wirtsspezifitat beitragen kann, wurden die Trarstkrne des APEC-Stammes BEN374
und des humanen EXPEC-Stammes IHE3034 nach Anizugttto bei 37 °C bzw. 41 °C
miteinander verglichen. Wachstum bei 41 °C fuhnte bei wenigen Genen zu einer

Induktion der Genexpression, wohingegen die Anzignlreprimierten Gene bei dieser

-3-



1. Summary/ Zusammenfassung

Temperatur in beiden Stdmmen deutlich hoher war wordallem auf eine reduzierte

Beweglichkeit und Chemotaxis hindeutete. Die Ergetmvon vergleichender Genomik,
Transkriptomik und Phanotypisierung humaner ExP&@ APEC-Stdmme unterstiitzen
somit die Annahme, dass es ein Zoonoserisiko zwisechanchen APEC- und humanen
EXPEC-Isolaten gibt.

Im dritten Teil dieser Arbeit stand die Charaldemung der Mat Fimbrien-
Expression irE. coli sowie ihre Rolle bei der Infektion im MittelpunkDer Vergleich
der kodierendematABCDEFDeterminanten ink. coli K-12 Stamm MG1655 und im
humanen ExXPEC 0O18:K1 Isolat IHE3034 zeigte Unteesish in (i) der jeweiligen
Nukleotidsequenz, (i) der Anwesenheit von Trangkonsstartpunkten und
Transkriptionsfaktor-Bindungsstellen sowie (iii)rd&gtruktur der ,Upstream“-Region des
Genclusters auf, die zur unterschiedlichen Fimlex@nession in beiden Stdmmen
beitragen konnen. Eine Repression der Mat Fimbxigmression durch das H-NS Protein
wurde nachgewiesen. Zudem wurde gezeigt, dass Mabrien signifikant zur
Biofilmbildung beitragen, wohingegen ein Beitrag au vivo-Virulenz nicht festgestellt
wurde. Interessanterweise beeinflusste der MatAuRégy, aber auch die Mat Fimbrien-
Strukturgene, die Flagellenexpression: die Abwesinton matAbzw. vonmatBCDEF
fuhrte in beidenE. coli Stammen zu einer Induktion der Flagellenexpressiod

Motilitat. Der zugrundeliegende Mechanismus istmanbekannt.

Zusammenfassend zeigen die Ergebnisse dieser Arbags es eine betrachtliche
Uberlappung des Genomgehaltes und der PhanotypeEXREC-Stammen, die von
Menschen oder Tieren isoliert wurden, gibt. Das habidensein eines gemeinsamen
Virulenzgenpools, ihre Phylogenie und &hnliche Genessionsprofile legen nahe, dass
ein Zoonoserisiko von APEC-Isolaten ausgehen ké&bie Identifizierung bislang
unbekannter Virulenzfaktoren humaner EXPEC-Stamaren ksich daher auch auf das
Verstandnis der Pathogenese von APEC-Isolaten giswiDie Ergebnisse dieser Arbeit
belegen auch, wie am Beispiel der Mat Fimbrien iggzdass unterschiedlicHe. colr
Phanotypen nicht nur auf einen unterschiedlichenoBwgehalt, sondern auch auf die

unterschiedliche Regulation konservierter Determi@a zurtickgefihrt werden kann.



2. Introduction

2. Introduction

2.1 Escherichia coli, a versatile bacterium

Among bacterial infections of man and animals, ¢hosused b¥scherichia coli
(E. coli) are special because of the diversityeofcoli pathotypes and different types of
infection causecE. coli, a Gram-negative bacterium of the fanfigterobacteriaceaés
a commensal bacterium of the intestinal flora innnzand warm-blooded animals. It
represents at least 80% of the aerobic fl&acoli is a heterogeneous bacterial species
with high genomic plasticity and many pathogenidarats (125, 126, 293). The different
pathovars ofE. coli are characterized by their host tropism or tis§mne strains are
responsible for intestinal infections causing seveliarrhea. Other strains cause
extraintestinal infections such as urinary tracfedtions, newborn meningitis,
septicaemia, pneumonia but also systemic infectioroultry. These bacteria must be
able of infecting the host, to resist the immunstay and later to efficiently colonize
these different niches (164, 285) .

Among extraintestinal pathogeniEscherichia coli (EXPEC) strains, avian
pathogenicE. coli (APEC) which cause several diseases in poultny,beadistinguished
from uropathogeni&. coli (UPEC), which are responsible for approximately96f
uncomplicated urinary tract infections (UTI) (168nd about 50 % of the nosocomial
UTIs (286, 319).

APEC infection causes avian colibacillosis, a ca@m@yndrome characterized by
air sacculitis, pericarditis, peritonitis, salpitigj polyserositis, septicemia, synovitis,
osteomyelitis, and yolk sac infection (fibrinousitss of internal organs) (118, 119). In
poultry, these diseases cause important econosse$o Nowadays no effective vaccine
is available on the market, antibiotic therapy remmahe most appropriate treatment
despite the increasing resistance to antibioti88,(360). Several factors involved in the
pathogenesis of these bacteria have been identifiddare also present in EXPEC strains,

such as type I- or P- and S-type fimbriae, thersigleore aerobactin, K1 capsule or the

-5-
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protein lbeA (98, 99, 153). Nevertheless, theselence factors are not sufficient to
explain the whole process of infection in poultigce some pathogenic strains have no

factors above. This suggests the existence of sthlennidentified virulence factors.

UTI is the most common bacterial infection in tmelustrialized world: in the
USA 7 million patient visits per year are countethwiotal costs exceeding one billion
dollars (17). As many as 50 % of the women repmhiave had at least one UTI in their
lifetime (21). UTI affects either the bladder (atis) or the kidneys and their collecting
systems (pyelonephritis), or both. The bacteridbmaation of the urinary tract may be
completely free of clinical symptoms (“asymptomatiacteriuria”, ABU) (364).
Moreover, a pyelonephritis can be acute or chrohfe last case is a more complex
disorder where the bacterial infection plays a d@nt role. However, other factors like
vesicourethral reflux and obstruction or immunodeficy are also critically involved in
pathogenesis. UTI is normally an ascending infecijliess frequently UTI can be an
infection through the bloodstream) where the bé&tderive from the patient's own
faecal flora. The initial step of the pathogenésisolonization of the distal urethra and
vagina in women (305). From the urethra, the pathegmay gain entrance into the
bladder. Here, when the natural defense mecharesgnsflushing of urine, secretion of
IgA or uromucoid (specific protein, a urinary mucaein, insoluble, or glycoprotein of
Tamm-Horsfall; type 1 pili link on it, s&. coli aggregate and are eliminated by urinary
flux), are overwhelmed by the virulent bacteriagteaal adhesion and colonization may
occur evolving into UTI. Theolonization of the urinary tract provokes cellulesponses e.
g., activation of theepithelial cells, secretion of cytokines and neptite migration into the
urothelium.Therefore, the ability of some pathogens to overdnese mechanisms and
colonize the urinary tract is linked to the preseraf virulence factors encoded by
horizontally acquired genes not present in theim-pathogenic relatives. These factors
include adhesinscytotoxins iron-uptake systemand extracellular polysaccharides such
as lipopolysaccharideand capsules Nevertheless, these virulence factors, identitals

the ones found in APEC are not sufficient to expthie whole process of infection.
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2.1.1 Origin of Escherichia coli

On July 14th, 1885, the German pediatrician Theddscherich described a
bacterial species isolated from feces of a heafttwywborn as a Gram-negative rod of
about 1.1-1.5um x 2.0-6.0 um. Theodor Eschericlsidened it as a typical “colonic
bacterium” and designated iBacterium coli commurie In 1919 ‘Bacterium coli
communé was re-named intdescherichia coli(E. coli) in honor of the man who
discovered it. This denomination became officiall®8 on recommendation of the
subcommitteeEnterobacteriacea®f the nomenclature committee of the International

Association of Microbiology Societies (28, 97).

Escherich was initially convinced thaB&cterium coli commurias a “harmless
commensal’. However, Escherich reported “on cystith children provoked by
“Bacterium coli commurieas early as 1894 in a published lecture. He hygsised that
the intestinal bacteria could be considered asuecemf urinary tract infections (bladder
and kidney infections). This early hypothesis tBatcoli bacteria which persist without
symptoms in the intestine and for various reasams their way into the urinary tract
where they might cause inflammation, has now begtiirtned by modern biochemical
and molecular biological methods (127). Lesageadlyesuggested in 1887 that there are

also pathogenik. colivariants (194).

However, it was Jensen who atteskeccoli, considered for a long time only as a
commensal of the human intestine, a pathogenic after observation of diarrhea
resulting of calves infection (154). Escherich athe implicitly put the potential
pathogenicity ofE. coli in observing the strong frequence of neonatalridéa and
lethality in rabbits and guinea pigs infected bgst bacteria. Escherich himself observed
the morphological variety oE. coli colonies. Even more numerous are the serological
variants. TheE. coli strains are serotyped on the basis of their O &siojm H (flagellar),
and K (capsular) surface antigen profiles (168)emghthe specific combination of these
factors defines the serotype of an isol&e.coli strains of a specific serotype can be
associated with certain clinical manifestationswideer, the surface antigens alone are

not considered to confer pathogenicity themselrRather there are specific clonal
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lineages which have served as “hosts” for horidbntaansfered virulence genes

resulting in pathogenic clones (369).

According to Hacker and Kruis (126), around 50,@0fferent serotypes may
occur in nature arising from the combination ofefiént antigen structures. To date 173
surface (O), 80 capsular (K) and 56 flagellar (M}igens are known irE. coli. In
addition, there are also more than 100 adhesimn&riwhich cause further differences in

serological behavior and exhibit differences iref@or recognition.

2.1.2 Non-pathogenic

Many bacteria are normally present on the skin angtous membranes of
healthy humans and animals. They form the residemimensal flora, constituted of non-
pathogenic bacteria and opportunistic pathogenshumans, only the genital and
digestive commensal flora inclu@e coli. The digestive flora is the most abundant with
500 to 1000 different bacterial species and it ise tnatural habitat of
E. coli (365). At the time of birth, the intestine, which normally sterile, is quickly
colonised by micro-organisms from the environmentl ahe urogenital tract of the
mother. The bacteria start to appear in feces duhe first hours after birth and their
number increases gradually during the first wedie first microorganisms isolated from
feces of infants are facultative anaerobic bactaueh a<€. coli and generally belong to
the Enterobacteriaceaestaphylococci and streptococci. In aduiscoli represents about
0.1 % of the total intestinal flora and 80 % of therobic intestinal flora, because of10
bacteria per gram of feces with a localization ryain terminal parts of the intestine
(139, 147, 293). As in humans, the most importaattdrial flora of warm-blooded
animals, including poultry, is in the gastrointeati tract, particularly in the large
intestine. Together with enterococéi, coli is the most widespread bacterial species
among pets and are present in different proportaesending of the animal (309) (see
Table 1).
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Table 1: E. coli from normal feces flora of different species (309)

rabbit | horse | calf Sheep pork chickemouse| dog cat

E. coli | 2.7 4.1 4.3 6.5 6.5 6.6 6.8 7.5 7.6

Average values from 10 individuals (log CFU/g odde)

E. coli can also be found in healthy subjects outside &fnatural habitat,
particularly in the upper respiratory tract of rabl§5), of puppies (4), and chickens (76).
In the avianE. coliis also present on the skin and feathers (482%3, 237).

The non-pathogenic strain Bf colithe most studied and best known is the strain
K-12 and its derivatives. It was isolated in 19&hi the stool of a patient suffering from
diphtheria (191) and was stored in the bactericlalgstrain collection of the Medical
School of Stanford University in California unddretlaboratory designation “K-12".
When parasexual processes - i.e. the capabiligxohanging genetic material between
two bacterial cells - were then discovered in thiscoli K-12 strain, this strain became
the standard research object of microbial genétieiad molecular biologists. One of the
first bacterial strains whose genome was completebpuenced was consequentlyEan
coli K-12 strain (MG1655) (33).

2.2 E. coli Infections

PathogenicE. coli bacteria are classified into different “pathotypascording to
the disease type they cauge.coli strains causing intestinal infections are distisgad
from other strains that are responsible for extesitinal infections. Pathogente. coli
variants are characterized by the presence of wantrulence factors, such as various
toxins, particular fimbrial adhesins, invasins ecretion system (see Figure 1). They can
be present in the bacterial genome, encoded omgefpathogenicity islands, plasmids

or phages.
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Figure 1: Pathogenicity of diarrhoeagenicE. coli. The six recognized categories of diarrhoeagénic
coli have unique features in their interaction with ey&tic cells. Here, the interaction of each catggor
with a typical target cell is schematically reprgsel. These descriptions are largely the resuih oftro
studies and might not completely reflect the phesmenthat occur in infected humaag. EPEC adhere to
small bowel enterocytes, but destroy the normalronitar architecture, inducing the characteristic
attaching and effacing lesion. Cytoskeletal rereangnts are accompanied by an inflammatory response
and diarrhoea. 1. Initial adhesion, 2. Proteindlaration by type Il secretion, 3. Pedestal foioratb |
EHEC also induce the attaching and effacing ledbor,in the colon. The distinguishing feature of EXH

is the expression of Shiga toxin (Stx), systemisaaption of which leads to potentially life-threiteg
complicationsc | Similarly, ETEC adhere to small bowel enterocyded induce watery diarrhoea by the
secretion of heat-labile (LT) and/or heat-stabl&)(&nterotoxinsd | EAEC adhere to the small and large
bowel epithelia in a thick biofilm and secrete eatexins and cytotoxinse | EIEC invade the colonic
epithelial cell, lyse the phagosome and move thmotige cell by nucleating actin microfilaments. The
bacteria might move laterally through the epithmlibly direct cell-to-cell spread or might exit ardenter
the baso-lateral plasma membrahd. DAEC elicits a characteristic signal transducteffect in small
bowel enterocytes that manifests as the growtlom lfinger-like cellular projections, which wrapand
the bacteria. AAF, aggregative adherence fimbrigteP?, bundle-forming pilus; CFA, colonization factor
antigen; DAF, decay-accelerating factor; EAST1, eevdiggregativeE. coli ST1; LT, heat-labile
enterotoxin; ShETIShigellaenterotoxin 1; ST, heat-stable enterotoxin. (Friaperet al, 2004)
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2.2.1 E. coli involved in intestinal infections

Intestinal pathogeni&. coli are subdivided at present into six pathotypes lwhic
cause diarrhoea with different clinical manifesiati(164). The clinical symptoms and
the virulence factors expressed by the strainsatiesion factors and toxins, are used as
criteria for their classification (see Table 2).eTéerotyping mainly employed in earlier
years to identify and classify clinical isolatesbsing more and more replaced today by
the molecular genetic detection of bacterial vingke and pathogenicity factor-encoding
genes that are known, supported by evidence offgppathogenic features (see Figure
1).

2.2.1.1 Enteropathogenic. coli (EPEC)

EPEC was the first pathotype Bf coli to be described. Large outbreaks of infant
diarrhoea in the United Kingdom led Bray, in 1945describe a group of serologically
distinct E. coli strains that were isolated from children with diaea but not from
healthy children. EPEC remains an important cafig@tntially fatal infant diarrhoea in
developing countries (228). A characteristic intedthistopathology is associated with
EPEC infections; known as ‘attaching and effacifAyE), the bacteria intimately attach
to intestinal epithelial cells and cause strikingtoskeletal changes, including the
accumulation of polymerized actin directly benethtt adherent bacteria. The microvilli
of the intestine are effaced and pedestal-likectires on which the bacteria perch
frequently rise up from the epithelial cell. Theligpto induce this A/E histopathology is
encoded by genes on the ‘locus of enterocyte eff@at’ (LEE) (212), a 35-kb
pathogenicity island (PAI). Homologues of LEE adsoafound in other human and

animal pathogens.
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Table 2: Main characteristics of the different patrovars of intestinal pathogenidEscherichia coli.
C: chromosomally-encoded; P: plasmid-encode

Pathotype Adhesins Toxins Invasive  Histopathology G enetic support  Host Symptoms
K88(F4)"K99 (F5)° CS31A" 987P | Enterotoxin No No Chromosomal Human Watery diarrhoea + dehydration +
(F6)° F17° F18 F42 CFA/l (F2)° cytotoxic: Plasmid acidose
ETEC CFAJII (F3) [CS17, CS2°, CS37] | LT-IP, LTI
CFAIP + CS6” Piglet Newborn diarrhoea and post-weaning
CFA/IV [ CS4°, CS57, CS6 STa’, STb?
CS7° CS17° PCFO166”
PCFO159° PCFO148° Calf Watery diarrhea + dehydration +
Lamb Acidose + newborn diarrhoea
BFP® FB171-14 EAST17® Limited Attaching effacing Chromosome (LEE) Human, Watery diarrhoea
FB171-15 FB171-16 (Hep-2 or HelLa) Plasmid (EAF) piglet, +
EPEC AF/R1P AF/R2” rabbit Dehydration
intimin®
Intimin® Stx1°® Stx2® No Attaching-Effacing Chromosome (LEE) Human Non-bloody diarrhoea
Other adhesins EAST1® (Hep-2 or HelLa) Plasmid Bloody diarrhoea
E H EC F18 (pork)” Enterohemolysin® Inflammation HUS
Ehlyl Ehly2 Oedema
Pork Post-weaning diarrhoea
Calf Mucoid enteritis
Bloody diarrhoea
AAF/IF AAF/IP EAST1? No Mucus biofilm Chromosome Human Persistent watery and mucoid
E AE C Cytotoxins Hypersecretion Plasmid diarrhoea in adult and children
Ipa Enterotoxins Yes +/- (depends on the Chromosome Human Watery diarrhoea and occasionally
EI EC inflammation severity) | pjasmid (140 MDa) dysentery (mucous and blood in feces)
DAEC F1845 AIDA-I Rare ? Chromosome Children Watery diarrhoea
“fine projections” Plasmid
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The model of EPEC pathogenesis is considerably nsoreplex than simple
binding to epithelial cells by a single adhesin aadretion of an enterotoxin that induces
diarrhoea. The emerging model, several aspectshaftmare reviewed elsewhere (103,
134, 170, 228), indicates that EPEC initially aghter epithelial cells by an adhesin, the
identity of which is not yet clearly establishedytgntial candidates include BFP, the
EspA filament, flagella, LifA/Efal and intimin (dyost-cell receptors).

Diarrhoea probably results from multiple mechanisnmeluding active ion
secretion, increased intestinal permeability, itmes$ inflammation and loss of absorptive
surface area resulting from microvillus effacem@®&REC are also pathogenic to animals
and causes major losses in the rearing of youngalsj e.g. in rabbits, chickens. EPEC
have also been isolated from animals livestock éagiions A/E such as cattle (56, 110,
202, 203), pigs (368), or rabbits (217) but alsmagpets such as dogs and cats (42)

2.2.1.2 EnterotoxigenicE. coli (ETEC)

ETEC cause watery diarrhoea, which can range fraoh self-limiting disease to
severe purging disease. The organism is an imgazgarse of childhood diarrhoea in the
developing world and is the main cause of diarrhogeavellers to developing countries
(228). ETEC colonizes the surface of the small Hawecosa and secrete enterotoxins,
which induce intestinal secretion. ETEC enterotexoelong to one of two groups: the
heat-labile enterotoxins (LTs) and the heat-steblerotoxins (STs). ETEC strains might
express only an LT, only an ST, or both LTs and.&Ts are a class of enterotoxins that
are closely related in structure and function twleta enterotoxin (CT), which is
expressed byibrio cholerae(311). STs are small, single-peptide toxins thatude two
unrelated classes — STa and STb — which differathstructure and mechanism of
action. Only toxins of the STa class have beencetsa with human disease (228). The
STb toxin is associated with animal disease anal 48-amino acid peptide containing
two disulphide bonds (reviewed in (85)). STb casvate cytosolic Ca concentrations,
stimulate the release of prostaglandin E2 and $tirauhe release of serotonin, all of

which are mechanisms that could lead to increamedecretion.
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ETEC is mainly a pathogen of developing countraas] it is well known that
these countries typically have a low rate of catancer. Pitaret al. (256) have reported
that STa suppresses colon cancer cell proliferattoough a guanylyl cyclase C-
mediated signalling cascade. Accordingly, the higkvalence of ETEC in developing
countries might have a protective effect againist ithportant disease, and indicates that
infectious diseases might exist in a complex evohary balance with their human

populations.

2.2.1.3 Enterohaemorrhagic. coli (EHEC)

First recognized as a cause of human disease i, IHEC causes bloody
diarrhoea (haemorrhagic colitis), non-bloody diaghand haemolytic uremic syndrome
(HUS). The bovine intestinal tract is the principadervoir of EHEC and initial outbreaks
were associated with consumption of undercookedbiagers. Subsequently, a wide
variety of food items have been associated witheatis, including sausages,
unpasteurized milk, lettuce, cantaloupe melon,@ppte and radish sprouts — the latter
were responsible for an outbreak of 8,000 casekpan. Facilitated by the extremely
low infectious dose required for infection (estiethtto be <100 cells), EHEC has also
caused numerous outbreaks associated with rearebdmd municipal drinking water,
person-to-person transmission and petting zoo amoh fvisitations. A recent report
indicates potential airborne transmission afterosxpe to a contaminated building (338).
EHEC strains of the O157:H7 serotype are the nmgbrtant EHEC pathogens in North
America, the United Kingdom and Japan, but sevettatr serotypes, particularly those
of the 026 and O111 serogroups, can also causasdissnd are more prominent than
0157:H7 in many countries.

The key virulence factor for EHEC is Stx, whichaiso known as verocytotoxin
(VT). The Stx family contains two subgroups — Stahd Stx2 — that share
approximately 55% amino acid homology. Stx is ptlin the colon and is transported
by the bloodstream to the kidney, where it damageal endothelial cells and occludes

the microvasculature through a combination of difexicity and induction of local
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cytokine and chemokine production, resulting inateinflammation (11). This damage
can lead to HUS, which is characterized by haenwfmaemia, thrombocytopoenia and
potentially fatal acute renal failure. Stx also mages local damage in the colon, which

results in bloody diarrhoea, haemorrhagic colites;rosis and intestinal perforation.

In addition to Stx, most EHEC strains also contam LEE pathogenicity island
that encodes a type Il secretion system and effgatoteins that are homologous to
those that are produced by EPEC. Animal models Islnsvn the importance of the
intimin adhesin in intestinal colonization, and HPStients develop a strong antibody
response to intimin and other LEE encoded proté&thl=EC O157:H7 is believed to have
evolved from LEE-containing O55 EPEC strains thajuired a bacteriophage encoding
Stx (274).

2.2.1.4 Enteroaggregativé. coli (EAEC)

EAEC are increasingly recognized as a cause ohgersistent diarrhea in
children and adults in both developing and devedogmuntries, and have been identified
as the cause of several outbreaks worldwide. Aggue EAEC are defined &s coli that
do not secrete LT or ST and that adhere to HEpi®& ée a pattern known as
autoaggregative, in which bacteria adhere to e#toér in a ‘stacked-brick’ configuration

(228). Nevertheless, at least a subset of EAE(hbas proven as human pathogens.

The basic strategy of EAEC infection seems to awgapcolonization of the
intestinal mucosa, probably predominantly that le tolon, followed by secretion of
enterotoxins and cytotoxins (229). Studies on hunma@stinal explants indicate that
EAEC induces mild, but significant, mucosal dam#té0) — these effects are most
severe in colonic sections. Mild inflammatory chesigire observed in animal models
(339) and evidence indicates that at least someEstEains might be capable of limited
invasion of the mucosal surface (1, 24). The moamatic histopathological finding in
infected animal models is the presence of a thagked of autoaggregating bacteria

adhering loosely to the mucosal surface. EAEC pyp®o strains adhere to HEp-2 cells
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and intestinal mucosa by virtue of fimbrial struets known as aggregative adherence
fimbriae (AAFs) (64, 227, 230), which are relatedthe Dr family of adhesins. Several
toxins have been described for EAEC. Two such wxne encoded by the same
chromosomal locus on opposite strands. The largee gencodes an autotransporter
protease with mucinase activity called Pic; thease strand encodes the oligomeric
enterotoxin that is known &higellaenterotoxin 1 (ShET1), owing to its presence in
most strains ofShigella flexneri2a (137, 236). Although no single virulence fadtas
been irrefutably associated with EAEC virulenceidemiological studies implicate a
‘package’ of plasmid-borne and chromosomal viruéefactors, similar to the virulence
factors of other enteric pathogens. Several EAEQlemce factors are regulated by a
single transcriptional activator called AggR, whicha member of the AraC family of
transcriptional activators (230). One consistergenbation from studies involving EAEC
epidemiology is the association of the AggR regukgiin diarrhoeal disease. Jiapgal
have recently shown that the presence of genesiat= with the AggR regulon is
predictive of significantly increased concentratioof faecal IL-8 and IL-1 in patients
with diarrhoea caused by EAEC (155). It has beeggssted that the term ‘typical
EAEC’ should be reserved for strains carrying AgagiRtl at least a subset of AggR-
regulated genes (for which the traditional EAECheras an adequate marker), and that

the term ‘atypical EAEC’ should be used for strdacking the AggR regulon.

2.2.1.5 EnteroinvasiveE. coli (EIEC)

EIEC are biochemically, genetically and pathogdhiadosely related t&shigella
spp. Numerous studies have shown t8htgella spp. andE. coli are taxonomically
indistinguishable at the species level (269, 3b(), owing to the clinical significance of
Shigellg a nomenclature distinction is still maintainetieTfourShigellaspecies that are
responsible for human diseas®, dysenteriaeS. flexneri Shigella sonneand Shigella
boydii, cause varying degrees of dysentery, which isattarized by fever, abdominal
cramps and diarrhoea containing blood and mucukCEmight cause an invasive
inflammatory colitis, and occasionally dysenteryf ln most cases EIEC elicits watery

diarrhoea that is indistinguishable from that daenfection by otheE. coli pathogens
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(228). EIEC are distinguished fro8higellaspp. by a few minor biochemical tests, but
these pathotypes share essential virulence fadtEC infection is thought to represent
an inflammatory colitis, although many patientsrsé¢e manifest secretory, small bowel
syndrome. The early phase of EIB@igella pathogenesis comprises epithelial cell
penetration, followed by lysis of the endocytic walke, intracellular multiplication,
directional movement through the cytoplasm andresitm into adjacent epithelial cells
(292). Movement within the cytoplasm is mediatednlogzleation of cellular actin into a
‘tail’ that extends from one pole of the bacterium. addition to invasion into and
dissemination within epithelial cellsShigella (and presumably EIEC) also induces

apoptosis in infected macrophages (371).

Genes that contribute to this complex pathogenieitg present on a large
virulence plasmid that is found in EIEC and 8higellaspecies. The sequence of the
213-kb virulence plasmid @&. flexneri(pWR100) indicates that this plasmid is a mosaic
that includes genetic elements that were initialyried by four plasmids (46). One-third
of the plasmid is composed of insertion sequensg €élements, which are undoubtedly
important in the evolution of the virulence plasmithis plasmid encodes a type lli
secretion system and a 120-kDa outer-membraneiproé#ied IcsA, which nucleates
actin by the binding of N-WASP (87, 111). The grbvaf actin micofilaments at only
one bacterial pole induces movement of the organisrough the epithelial cell
cytoplasm. This movement culminates in the fornmatd cellular protrusions that are
engulfed by neighbouring cells, after which thegass is repeated. Although EIEC are

invasive, dissemination of the organism past thersicosa is rare.

Although the extensively characterized type lllrséion system is essential for
the invasiveness characteristic of EIEC &fMgellaspecies, additional virulence factors
have been described, including the plasmid-encodedne protease SepA, the
chromosomally encoded aerobactin iron-acquisitigstesn and other secreted proteases

that are encoded by genes present on pathogeisiaihgs.
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2.2.1.6 Diffusely adheren€t. coli (DAEC)

DAEC are defined by the presence of a characterdiffuse pattern of adherence
to HEp-2 cell monolayers. DAEC have been implicaed cause of diarrhoea in several
studies, particularly in children >12 months of 828, 294). Approximately 75% of
DAEC strains produce a fimbrial adhesin called FEL8&4 a related adhesin (Ref. 29;
unpublished observations in review 164); F1845 mgdoto the Dr family of adhesins,
which use DAF, a cell surface glycosylphosphatityditol-anchored protein, which
normally protects cells from damage by the complamnsgstem, as the receptor (27, 133,
252). DAEC strains induce a cytopathic effect thatharacterized by the development of
long cellular extensions, which wrap around theeadht bacteria (see Figure 1). This
characteristic effect requires binding and clusggf the DAF receptor by Dr fimbriae
(27). All members of the Dr family (including UPEAS well as the DAEC strain C1845)
elicit this effect (29). Binding of Dr adhesinsascompanied by the activation of signal
transduction cascades, including activation of FlH3ase (252). Peiffeet al. have
reported that infection of an intestinal cell ling strains of DAEC impairs the activities
and reduces the abundance of brush border-assbcistierase isomaltase and
dipeptidylpeptidase IV (251). This effect is indadent of the DAF-associated pathway
described above, and therefore provides a feasibshanism for DAEC-induced enteric
disease and also indicates the presence of viriléactors in DAEC other than Dr
adhesins. Tiengt al. (323) have proposed that DAEC might induce exjpoassf MICA
by intestinal epithelial cells, indicating that D&Enfection could be proinflammatory;
this effect could potentially be important in theduction of inflammatory bowel

diseases.

2.2.2 Extraintestinal pathogenic  Escherichia coli

Extraintestinal infections involvinge. coli include urinary tract infections,
newborn meningitis as well as human and animaliGapta. Unlike IPEC, EXPEC are
very often found as intestinal commensal flora arelnot the cause of gastroenteritis in

humans. The acquisition of EXPEC by the host da#soften cause an infection, they

-18 -



2. Introduction

will have to colonize first, from the intestine external middle, tissues and organs

normally sterils (urinary tract, peritoneal cavilyngs) (158, 288)

EXPEC strains express different types of virulefas#tors which allow them to
colonize the surface of the mucous membranes ofhtst, to escape host defence
mechanisms, to multiply under conditions of limiteskential elements (nutrients) such
as iron. Other virulence factors will enable ExPi&@nvade the host tissue and to induce
an inflammatory response (156). These virulencaofacof EXPEC include various
adhesins, surface polysaccharides (capsule, LR&)jnst siderophores, proteases,
invasins and proteins enabling them to resist ffexts of complement. It is impossible
today to characterize with precision different payippes among EXPEC solely on the
basis of their virulence factors. Nevertheless, ERFstrains were isolated from various
extraintestinal infections. There are thascoli responsible for urinary tract infections
(UPEC, UropathogenikE. coli), E. coli responsible for the newborn meningitis (NMEC,
Neonatal Meningitidi€E. col)) andE. coli implicated in localized and systemic poultry
infections (APEC Avian pathogente: col).

2.2.2.1 The UPEC pathotype

The urinary tract is the most common site of baakénfection in industrialized
countries (348), and urinary tract infection (UHd)also the leading nosocomial disease.
UTI can be caused by several microbial pathogehs.riost common causative agent of
urinary tract infections, however, are uropathogeBi coli (UPEC), which cause
uncomplicated UTI in about 80% of all cases (148)3

The urinary tract represents a usually sterile camnpent, which is protected
from bacterial infections by various mechanismshsas urine flow and immune
responses. Furthermore, the urinary tract is allacstvironment in terms of supporting
bacterial growth. The chemical composition, osmtjjaand pH of urine determine the
rate of bacterial growth and the maximum populatiwet can be supported, and can be

very variable, depending on the diet. Normal upaestituents include amino acids and
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glucose, which are usually present at sufficiemtcemtrations to support rapid bacterial

growth. However, other components of urine, sucbraa and organic acids, may inhibit
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Figure 2: Pathogenesis of urinary tract infection aused by uropathogenicE. coli. The figure shows
the different stages of a urinary tract infecti@FU, colony-forming units; PMNs, polymorphonuclear
leukocytes. (From: Kapeat al, 2004)

growth, mainly by affecting pH and osmolarity (14)herefore, the ability of some
pathogens to overcome these mechanisms and colih@zagrinary tract is linked to the
presence of virulence factors encoded by horiziynéaquired genes not present in their
non-pathogenic relatives. These factors incladBesinscytotoxinsg iron-uptake systems
and extracellular polysaccharides such lgsopolysaccharide and capsules For
comprehensive reviews on virulence factors of ufopgenicE. coli see Emodyet al.
(2003), Johnson (1991), Muhldorferal (2001), or Oelschlaeget al (2002).

The subset ofE. coli that causes uncomplicated cystitis and acute pgelaritis is
distinct from the commensa&l. coli strains that comprise most of tke coli colonizing
the lower colon of humang&. coli from a small number of O serogroups (six O groups

cause 75% of UTIs) have phenotypes that are epalegically associated with cystitis
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and acute pyelonephritis in the normal urinary tirachich include expression of P
fimbriae, a-haemolysin, aerobactin, serum resistance and sualzjon. Clonal groups
and epidemic strains that are associated with UiBlge been identified (238, 255).
Availability of the genome sequence Bf coli CFT073 (353) and 536 (45), efforts by
other investigators to identify virulence genessignature-tagged mutagenesis (19) and
other methods have allowed the development of aetnafdpathogenesis for UPEC (see

Figure 2).

2.2.2.2 Meningitis/Sepsis-associatdsl coli (MNEC, SEPEC)

E. coliis the second leading cause of meningitis amongbams (25-30% of
cases) after the group B streptococci (210), witbase fatality rate of 15-40% with

severe neurological defects in many of the surg\@ft, 333).

Sepsis-causinde. coli employ pathogenicity factors similar to UPEC. Seps
caused byE. coli occurs in humans, cattle, sheep, pigs and poulepticemick. coli
(SEPEC) protect themselves from attack by the cempht system by having certain
capsule types and, to a lesser extent, long-ciyaoapdlysaccharides. This enables them
to survive for a longer time in blood serum. SEP&€ therefore described as “serum-
resistant”. In humans they are transferred fromntlo¢gher to the neonate during birth and
can trigger meningitis in the newborn child or bypesure to bacteria during a hospital
stay (104, 239). Thé&. coli meningitis usually develops through various stagés
interaction between the host and the bacteriums&hmechanisms include MENEC
colonization of the respiratory or digestive tratfte invasion of intravascular space
followed by a survival and an increase in the blobdis strong bacteremia is necessary
for E. coli to cross the blood-brain barrier, invade the @mervous system and thus

cause meningitis (173, 176).
MNEC also protect themselves by capsule formatadtely of the K1 serotype).

They adhere to epithelial and endothelial cellag®.g. S- or F1C fimbrial adhesins and

can penetrate through these tissue barriers. As Bvitcoli pathotypes that have a well
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defined genetic basis for virulence, strains tlaatse meningitis are represented by only a
limited number of O serogroups, and 80% of theirstrare of the K1 capsule type. One
interesting difference between MNEC aBd coli that cause intestinal or urinary tract
infections is that although the latter strains barreadily transmitted by urine or faeces,
infection of the central nervous system offers bwious advantage for the selection and

transmission of virulent MNEC strains.

As for otherE. coli pathotypes, the genomes of thésecoli K1 strains have
additional genes that are not found in the commies&oli K-12 strains. In genomic
comparisons, the genome Bf coli RS218, a newborn meningitis isolate, was found to
have at least 500 kb of additional genes insenedt ieast 12 loci compared wikh coli
K-12 (38, 279). In addition, strain RS218 harboair$00-kb plasmid, on which at least
one virulence factor has been localized (18). Sonsgghts into the mechanism of
pathogenesis of these strains have been obtairfedtr&ins use S fimbriae to bind to the
lumenal surfaces of brain microvascular endothelinrmeonatal rats (248). Invasion
requires the outer-membrane protein OmpA to binthéoGIcNA@G1-4GIcNAc epitope
of the brain microvascular endothelial cell recemiycoprotein (265). Other membrane
proteins — for example, IbeA, IbeB, 1beC and AslA are also required for invasion
(174). Invasion correlates with microaerobic groattd iron supplementation (117). The
toxin CNF1, which has been shown to induce badtphagocytosis in epithelial cells
(100), is required for invasion of human brain mi@ascular endothelial cells and may
involve the same mechanism (18), as is the K1 dapsthich elicits serum resistance
and has antiphagocytic properties. In an experiahemodel, strains that express K1
capsule proteins and those that do not were alieoss the blood-brain barrier, but only
the Kl-expressing strains survived (142). As a equence of invasion, actin
cytoskeletal rearrangement occurs and tyrosinegtarglation of focal adhesion kinase
(FAK) and paxillin is induced (272). In addition, saibstantial list ofin vivo-induced
genes, including those that encode iron-acquisgigstems, was compiled usingvivo
expression technology (IVET) in conjunction with naurine model of septicaemic
infection (172).

-22 -



2. Introduction

2.2.2.3 The APEC pathotype

In birds, E. coliis a normal resident of the intestinal flora, thmper respiratory
tract (trachea, pharynx) and is also found on tie and feathers (20, 76). However,
someE. coli strains, so-called avian-pathogeiic coli (APEC), can cause infection in
poultry. APEC strains comprise a subset of pathieggén coli that cause extraintestinal
diseases in poultry (118). The most common syndrstiaigs as an infection of the upper
respiratory tract in 3 to 12-week-old broiler clecks and turkeys, and frequently
develops into a systemic infection. APEC infectioase enhanced or iniated by
predisposing factors such as environmental comditi@and viral or Mycoplasma
infections (77, 119).

In poultry, APEC have been associated with varieyBaintestinal infections.
The most common are the respiratory colibacillasegsrotizing dermatitis syndrome and
the Swollen Head Syndrome (20, 77, 119). The raspy colibacillosis is one of the
leading causes of mortality and disease in poulind causes economic losses in the
poultry (20).

The serological tests of somatic antigens are lémsical characterization method
of APEC strains. Early studies conducted in 1961Soyka and Carnaghan from 243
strains ofE. coliisolated from internal organs of birds sufferirfgcolibacillosis showed
that among APEC the most frequently serogroupsarieced are O1 (Ol: Kl), O2 (O2:
Kl) and O78 (O78: K80)(306). In the various studibat have followed, these three
serogroups always represent the majority serogroulp®EC (32, 77, 281). However, an
increasing variety of serogroups identified and ldrge number of non-typable strains
make it difficult to carry out a relevant APEC dd&ation based on serotyping.

A) Localized avian colibacillosis

Omphalitis (umbilic infection) may be technically defined as inflammation of the
navel. As commonly used, the term refers to improplesure of the navel with

subsequent bacterial infection (navel ill; mushyckhdisease). This also refers to the
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yolk sac infection. The contamination happens leyfdtes, during the entry through the
unhealed navel or penetration of the egg shellrpaar during incubation. This results
in a high mortality of the young birds until 3 weedkfter birth (20).

The necrotizing dermatitis a skin inflammation. Although rare in animdlsgy are very

frequent in birds. The injuries may reach the meiseind are often associated with
abscess formation (190). They are often localirethe cloacal and abdominal zone of
the birds (89-92).

The swollen head syndrom@&HS) maybe observed in chicken and turkey. SHS is

usually a multifactorial disease; it is believedttthe initial lesions are caused by viruses.

The ovaritis and salpingiti@viduct inflammation) are found in the adult dtea. They

are due to an ascending infection from the cloawh the left abdominal air sac. The
layer which had these injuries may contaminateetiigs before the shell formation, and
be responsible for high embryo mortality. A peritanay be due to a salpingitis, or not
(20).

B) Systemic colibacillosis with respiratory origin

The systemic colibacillosis with respiratory origgthe most frequent form of
colibacillosis in the chicken. It may develop inb@acteremia and septicemia with a
relatively high mortality rate. The respiratory ibaicillosis is essentially present in the
animals between 3 and 12 weeks, with importanteldsetween 4 and 9 weeks (77).
Colibacillosis is typically characterized by an saculitis: the air sacs (see Figure 3) are
thicker than normal, and appear white or opaquderatthan transparent with
accumulation of material (fibrine). In the generall form, fibrinous injuries of the
serous membrane can be observed.

The respiratory tract, which is the principal entra way for the bacteria, plays a
crucial role in the pathogenesis. The healthy ahimaa few phagocytes present in the

respiratory tract like neutrophil and heterophidmmulocytes or macrophages (329). The
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pathogens enter by inhalation of contaminated pagtcles withE. coli originating from
the intestinal tract of healthy or ill animals. @thbiological agents may enhance APEC
infection. The infectious bronchitis virus (IBV) uses an economically important
respiratory disease in poultry worldwide, as weallthe Newcastle disease virus or the
causative agent of Gumboro diseddgcoplasma gallisepticunbut also non-biological
factors like the ammonium concentration or the d@gughe rearing (20). Their inhalation
decreases the number of the mucus secretory celishe deciliation of epithelial cells.
This decrease of mucus allows the APEC to adhetbeepithelium and persist in the

respiratory tract of the animal (226).

Trachea

Interclavicular
air sac

Pneumatic
Anterior, humerus
posterior

thoracic

Lung

~ Abdominal air sacs

Figure 3: Scheme of the avian respiratory systenChickens have a total of nine air sacs: four cotetec
to each lung (two cervical sacs, two anterior thmraacs, two posterior thoracic sacs, two abdoimina
sacs), and one large intraclavicular air sac shareetween the two Ilungs. (From:
http://www.hiyt.afhe.ualberta.ca/winterO6projectsdithbones.pdf)

In the lower part of the respiratory tract, lungsl air sac, few APEC strain may
resist inside the macrophages (258). Mellataal demonstrated the role of type |
fimbriae in the association of APEC with phagocytebereas the Klcapsule, the O78
LPS antigen and P fimbriae allowed the bacteriadcape phagocytosis (216). Like it,
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the APEC may colonize the respiratory tract ancpagate in the rest of the organism.
This form of colibacillosis may be reproduced expentally either by intra-tracheal

inoculation of the pathogen or by inoculation dikgmto the airsac (75, 258).

2.3 Virulence factors of EXPEC

Different potential virulence factors were idergdiin EXPEC, allowing them to
adhere, to penetrate the epithelial cells, to résithe immune system and to multiply. In

Table 3, you may see a list of the differents @ntlfactors clearly identify in EXPEC.

2.3.1 Fimbrial adhesins

The fimbriae possess fibre-like structures andvisible on the bacteria surface
by electronic microscopy. Fimbriae exhibit a comf@structure, consisting of a rod-
shaped shaft of 6-7 nm in diameter comprising @v#rousand major subunits and minor
subunits.

In EXPEC, we can distinguish four important typdsfimbriae, i.e. type 1
fimbriae, P fimbriae, S/F1C fimbriae (and AC/I finde). P-, S- and F1C-fimbriae are
more exclusively associated with extraintestifal coli isolates and the tip of these
adhesins recognize carbohydrate moietiesa@a#t)Gal, a-sialyl-2,3{3-galactose, and
GalNAd3(1-4)Gap, respectively. These fimbriae are factors conthityuto the virulence

potential of such strains, but they are not necégsaufficient to cause disease (219).

2.3.1.1 Type 1-fimbriae

The type 1-fimbriae are extracellular structuresogied by a group of nine genes
localized on the core chromosonienA to fim 1) where seven genes are organized in an

operon fimA, fimC, fimD, fimF-I) whose expression is phase variable (88, 105,.211)
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Table 3: Virulence factors of extraintestinal path@enicEscherichia coli

Virulence factors Role Gene
Adhesins and invasins
Type 1 Adhesion to the respiratory tract | fimA-H
(APEC) or uroepithelial cells
(UPEC)
Dr afa/dra
P Adhesion to depth organs (APEQ)papA-K
or uroepithelial cells (UPEC)
S-/F1C Adhesion to depth organs (APEQ)sfaA-G, focA-G
F17 or uroepithelial cells (UPEC) f17ACDG
Curli Colonization factor csgA-G
IbeA Promotes invasion ibeA
Iron acquisition systems
Aerobactin Capture iron in the host iucA-D/iutA
Salmochelin iroBCDN
Yersiniabactin irp2 and fyuA
IreA
Chu
Pst System Phosphate ATP-dependant phoU-pstSCAB
transporter
Tsh protein Proteolytic activity tsh
Immune resistance
system
K1Capsule Protection against the serum kpsMT-neuDBACES
(complement inhibition), kpsFEDUCS
Outer membrane protein | protection against phagocytosis | ompA
A
traT
Iss ISS
LPS (O78) rfb locus
Toxin and cytotoxin
a-haemolysin Cell lysis hlyA
Colibactin pks genomic island
CNF Altered cytoskeleton, necrosis | cnf
CDT DNasel activity, blocks mitosis in| cdtABC
G2/M phase
Sat Vacuolation sat
Verotoxin Cell damage vt2y
Vat Vacuolation vat
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ThefimA gene encodes the major component of the struchedibrillin. Other genes of
the operon encode minor proteins, includimyH encoding the adhesin (205). The role
of the major subunits is yet unclear, although thaye been proposed to be important for

adherence to mammalian extracellular matrix pratéli80).

fimB fimE fimA fiml fimC fimD fimF fimG fimH
» = B ) pm) =)
fim operon
8-9 kbp
[ | Regulator [ | Major subunit I Minor component O Chaperon O Usher protein B  Adhesin

Figure 4: Genetic organization of thefim locus coding for type 1-fimbriae.

The adhesin and some other minor subunits are megpge for the specific
binding to carbohydrate moieties on the surfaceutdaryotic cells, therefore contributing
to specific adherence. The synthesis, export, cofodding and ordered assembly during
the fimbrial biogenesis occurs in a coordinated mean(302). These fimbriae are
characterized by their ability to adhere to andl@gtate erythrocytes of mammals and
birds. This adhesion is inhibited by the additidrDemannose which blocks the adhesin
FimH. Accordingly, these fimbriae are also callednmose-sensitive hemagglutinating
(MSHA) fimbriae (84, 341). Type 1-fimbriae are peas in both ExPEC and non-
pathogenic strains. However, these fimbriae areemepresented among pathogenic than
among non-pathogenic strains (75.45% vs 55.5% 1886 vs 40% (362), 90.4% vs
26.7 (214) and have been for a long time considasegotential virulence factors for
EXPEC.

During UTI, between 4 and 24 hours after infectitihvg new environment in the
bladder selects for the expression of type 1-fiamdi(122), which play an important role
early in the development of an UTI (62). Type l4matedE. coli attach to mannose
moieties of the uroplakin receptors that coat ftaoreal epithelial cells (225). Attachment
triggers apoptosis and exfoliation; for at leastk ostrain, invasion of the bladder

epithelium is accompanied with formation of pocelikulges on the bladder surface that
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contain bacteria encased in a polysaccharide-rietrixnsurrounded by a shell of
uroplakin (10). In strains that cause cystitis,etyizfimbriae are continuously expressed

and the infection is confined to the bladder (62).

Among APEC expressing type 1-fimbriae, tihe vivo expression of these
adhesins was highlighted in the trachea, the a&@is sad lungs, but not in the blood or
deep organs. This result suggested a potentialinolee early stages of infection (80,
259). Several experiments have shown, however, thase fimbriae are not
indispensable for the colonization of the uppepir@sory tract poultry by APEC and that
on the contrary, the deletion of the gene codirgatihesin FimH promotes colonization
of the trachea by the APEC (13, 204).

In addition it was shown that type I-fimbriae pramophagocytosis by
macrophages and heterophils in chickens (216). reeladion between the presence of
these fimbriae and resistance of bacteria to biattal serum has been suggested (83,
362). However, these observations cannot be gerediadince the discovery of a type 1-
fimbriae-negative APEC strain which still has thality to resist complement. This
suggests a minor role of these fimbriae for serasistance of APEC strains (215, 259).
The role of type 1-fimbriae in the pathogenesiawidn colibacillosis has so far not been
demonstrated. However, recent studies have shoamthiey could be involved in the

invasion of human intestinal cells in culture (39).

2.3.1.2 P-fimbriae

Many ExXPEC strains express P-fimbriae which are @inthe most extensively
studied adhesin, and also the first virulence-daseat factor identified for UPEC. They
were first described ifE. coli isolated from urinary tract infections (pyelondphy in
humans (162). P-fimbriae are heteropolymers encdjed chromosomal locus of 11
genes fpapAto papK) (151, 166) (Figure 5). Thpap locus codes for the major protein
PapA and the adhesin PapG that exists in thre@antar(317). These variants recognize

different glycolipid isoreceptors and are recoghigaby their ability to agglutinate
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different types of erythrocytes. As this haemagghtton is not inhibited in the presence
of D-mannose, these fimbriae are also designateahfyose-resistant hemagglutination
(MRHA) fimbriae” (334).

papX papG papF papE papK papJ papD papC papH papA papB papl
< eam@a@a@ae < meame¢)
pap operon
10 kbp
B Regulator I Major subunit Il Minor component [ chaperon O Usher protein B Adhesin

Figure 5: Organisation of thepap locus coding for the P-fimbriae inE. coli UTI89.

P-fimbriae, encoded by theap (pyelonephritis-associated pili) genes, are
significantly prevalent among strains of UPEC tleause pyelonephritis and are
characterized by their adherence to @aK4)Gap moieties present in the globoseries of
membrane glycolipids on human erythrocytes of tHdd®d group and on uroepithelial
cells (192, 193). The PapG variant and the chromas$docation ofpap alleles typically

differ among UPEC strains. Tipap gene clusters reside within pathogenicity islands.

Since the discovery of P-fimbriae, it has been hlypsized that these adhesins
contribute to the pathogenesis of UPEC within treemmalian urinary tract. An earlier
study, conducted in 1987, demonstrated that thexsef female patients with symptoms
of pyelonephritis contained P-fimbrial antibodiesyggesting that P-fimbriae were
expressed during infection (72). Similarly, anotiséudy conducted shortly thereafter
demonstrated that bacteria obtained from midstrelacatheterized urine specimens from
patients withE. coli cystitis expressed type 1- and P-fimbriae (17Husl both studies
provided compelling evidence for the vivo expression of P-fimbriae during human
UTI. To determine whether P-fimbriae are indispétsafor UPEC pathogenesis,
isogenic P-fimbrial mutants of different UPEC stimhave been constructed and studied
in different animal models of ascending UTI. It wdsmmonstrated that after one week of
infection, no significant differences in bacteli@d or histological findings between the
wild-type and doublgrap mutant were detected in the urine, bladder, ondydat any

challenge concentration. But none of these expearisneould fully satisfy the molecular
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Koch’s postulates. More recent studies have uneavarmolecular crosstalk between the
Toll-like receptor 4 that binds bacterial lipopagsharide and P-fimbrial-mediated
attachment, which is lipopolysaccharide-independéativation of the Toll-like receptor
4 by P-fimbrial attachment subsequently leads ® ghoduction of pro-inflammatory
cytokines and chemokines (interleukin-6 and CXCi&spectively) and recruitment of
neutrophils (25). Since P-fimbriae are implicatedtriggering inflammation, it can be
deduced that they may also contribute to the pagfyoland symptoms of acute
pyelonephritis. It appears that there is a sulalle for P-fimbriae in mediating adherence
to uroepithelial cellsn vivo and establishing a robust inflammatory responsmguenal
colonization, which in turn contributes to kidnegndage during acute pyelonephritis.

The APEC strains produce mainly P-fimbriae beloggm serotype F11 fimbriae
close to the same type associated with UPEC (2&6)or type |-fimbriae, the expression
of P-fimbriae is subject to phase variation (3335)3 P-fimbriae are more frequently
present in strains isolated from septicaemic clmskban among non-pathogenic strains
(69.1% vs 14.3 (83), 41.2% vs 15.6% (214)). Astigre 1-fimbriae, the role of type P-
fimbriae in the pathogenesis of APEC is not yet wefined. Several studies have shown
that these fimbriae did not participate in the aibe of the bacteria to the pharynx and
trachea cellsn vitro (336, 342), or the adhesion of bacteziavivoon trachea cuts of
chicken (80). These observations suggest that Bri@@ receptors are absent from the
surface of these cell types or their expressiorthin upper respiratory tract requires
special conditions. However, chickens inoculatadantracheally or in the air sacs with
an APEC strain with fimbriae F11 show a specifiti-&11 answer characteristic of P-
fimbriae expressioim vivo. The expression of P-fimbriae has also been detradadin
vivo by immunofluorescence in blood and some deep srgkidney and heart) (259,
260). These observations suggest the role of Prfaabn the colonization of organs and
the development of sepsis (259, 260). Althoughifferénce has been observed upon the
colonization of organs and multiplication in thedd of a wildtype APEC strain and its
mutant papG (215), another study which comparecap  APEC strain and itpap
mutant described the role of P-fimbriae for baelerttachment phagocytes thus

demonstrating their involvement in the resistance phagocytosis (216).
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These results suggest that P-fimbriae provide amarddge to bacteria during infection
and play a role rather in the final stages of ititeg possibly in the persistence of the

bacterium in the animal, and resistance to phagst/(260, 315).

2.3.1.3 S-/F1C-fimbriae

The fimbriae of the S-/F1C-family include seveiatbrial type, e.g. S-, F1C- and
AC/I-fimbriae (171). S-fimbriae are coded by a Is@f nine genessfaAto sfaH Figure
6). They are composed of the major subunit SfaAtaedninor subunits SfaG, SfaH and
adhesin SfaS. The adhesin SfaS adheresadtsialyl-2,3f3-galactose containing
glycoproteins present on the surface of eukaryogits, while the major subunit SfaA
also has adhesive properties and can bind to thates glycolipids present on the
epithelial cells of the brain (246, 264).

sfaC sfaB sfaA sfaD sfakE sfaF sfaG sfaS sfaH

¢ Bmy ) ) m—)

sfa operon
8 kbp

[ | Regulator [ | Major subunit B Minor component O Chaperon O Usher protein B Adhesin
Figure 6: Organisation of thesfa region coding for the S-fimbriae inE. coli UTI89.

S-fimbriae have been known to mediate adherentP&C to uroepithelial cells
in vitro andin vivo, suggesting their involvement in infection. Betwe20-60% of the
UPEC express S-fimbriae (218). S-fimbriae are aasst with neonatal sepsis and
meningitis (181). Studies suggest that adhesioB-bmbriated bacteria to the binding
sites observed in the neonatal brain plays a refeng bacterial invasion from circulation

into the cerebrospinal fluid (248).

Similar structures of the S-family fimbriae haveehedentified among APEC and
named AC/I (aviark. colil) (231, 367). The analysis of the genetic orgaiman of the

fac operon (fimbriae of avian pathogeitic col)) coding for AC/I fimbriae confirmed that
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they belonged to the family of S-fimbriae with aemtical organization relative to that of
the sfa operon (16). These fimbriae are present only itreva APEC (about 4.4% of
strains studied) (73, 178, 316). AC/I fimbriae hane hemagglutinating properties but

adhere to the cells of the trachea, suggesting ithelvement in the infection (367).

2.3.2 Curli fimbriae

Curli are thin and filamentous structures presemtttee surface oE. coli and
Salmonellaspp. (282). These fimbriae are encoded by sevaesgelustered in two
operons transcribed in the opposite directiasggfDEFGandcsgABC(130). The protein
CsgA (curlin) is the major curli subunit and is #ed in a soluble form into the
extracellular environment. CsgB, located on thdaser of the bacterial membrane is
involved in the polymerization of CsgA monomers "oyicleation-precipitation” (131).
CsgE and CsgF patrticipate in polymerization of Ceg#dnomers (57) and are necessary
to assemble an effective curli fimbriae (278) (Feyd).

csgG csgF csgE csgD csgB csgA csgC
csg Operon
5 kbp
[ | Assembly and transport | Regulator [ nucleator O Major component B Putative autoagglutination protein

Figure 7: Organisation of thecsg genes coding for curli inE. coli

Curli are present on the surface of EXPEC straim @on-pathogenic strains
(209, 267). The role of curli in the adhesion ahd tormation oft. coli biofilms was
highlighted first in 1998 by the characterizatidraa overproducer of curli (340). Further
studies of adhesion properties of this overprodunatant have proven its ability to
colonize surfaces such as glass, polystyrene at &8). Among APEC, curli can be
involved in the invasion of several types of eukaeg cell by strains of serogroup O78

(113, 114) but their role in the avian colibacilbos not clarified .
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In UPEC, it is suggested that these fimbriae plagl@ only in the early phase of
infection (e.g., adherence to periurethral skinfex@), since they are frequently
expressed only at 30 °C (242) . In the last yaaotates have been detected in which co-
expression of curli fimbriae and cellulose occuts3@ °C as well as at 37 °C (rdar
morphotype), but the importance of this trait foe survival and colonization in the host

organism remains unclear (370).

2.3.3 The IbeA protein

The role of the IbeA protein was first highlighted NMEC strain RS218: an
ibeATnphoAmutant invaded less efficiently human brain miassular endothelial cells
(BMEC) than the wild-type (35). These early obs&ores were confirmed later by the

construction of a mutant deletedib&A gene (149).

The prevalence of genidbeA was analysed among APEC strains and non-
pathogenic for poultry (107). None of the non-pgemc strains oE. coli hadibeA A
small proportion of APEC strains h#ukA (26%), but this gene was strongly associated
with strains of serogroup 088 (100%), OI8 (70% %)@nd O2 (49.1%) (107, 222). The
IbeA protein of APEC strain BEN2908 similar to tlwitthe strain RS2I8 was involved in
the invasion of BMEC (222). Its precise role rensaim be clarified although interactions
between IbeA and eukaryotic proteins have beerctisteln an experimental model of
chicken infection the involvement of IbeA in theiav colibacillosis (bacteremia and
colonization of the liver significantly lower fohé¢ mutant strain than for the wild-type)
has been shown (107, 222). The authors suggestatparticipates in the crossing of

bird epithélia, the exact location, however, rermdmbe determined.

2.3.4 Iron acquisition systems

Iron is necessary for growth of most microorganisBacteria need about £0
mol/L for their growth. The concentration of freen available in body fluids animals

and humans is much lower (about™amol/L) and does not cover the needs of the
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bacterium (59). To remedy this lack, bacteria hdeeeloped two strategies to dispose of
iron present in eukaryotic cells. On the one hdratteria express receptors which can
bind complexed iron as present in the host organismroteins such as transferrin,

lactoferrin but also in hemoglobin. Then, the baatean take this iron up and use it for
growth. The second strategy is the synthesis aremhors with high affinity for iron,

allowing them to capture iron ions by competinghwphysiological chelators (271).

The genes coding for the biosynthesis of such inotake systems i&. colimay
be located on plasmids or on the chromosome. The glisters encoding the enzymes
for enterobactingn and the ferric dicitrate transport systefac{ have a commonly
conserved localization in tHe colicore genome. However tliec gene cluster has been
identified to be PAI-encoded fBhigella flexner{198).

Another mechanism for iron acquisition in pathogeBi. coli is the direct
utilization of host iron compounds, particularlynie or hemoglobin (187, 188). Hagain
al. demonstrate the importance of others iron acgosifactors on multiple culture
conditions designed to mimic the vivo environment of the pathogen. Iron compound
receptors FhuA, IutA, IroN, ChuA, lha, and IreA watetected, and a novel iron-related
OMP was also identified, hypothetical protein c248Be genes encoding ChuA, IroN,
hypothetical protein c2482, and IutA are signifitgmore prevalentF < 0.01) among

UPEC strains than among fecal-commeiisatoliisolates (128).

E. coli produces two main types of siderophors, the catecénterobactin and
the hydroxamate aerobactin (produced especiallinbgsive strains oE. coli) (40). In
addition to these two siderophore types, two offtgr acquisition systems are present in

severak. coli (salmochelins, yersiniabactin, the Sit and the $ystem).
Aerobactin seems to have an important role in tla¢hggenesis of avian

colibacillosis (108). The aerobactin system is elecbby an operon of five genaadA,
iucB, iucC, iucD andiutA) located on type ColV plasmids or on chromosonte 288).
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The genesucA-D encode enzymes necessary for the synthesis obaatno whileiutA
codes for an outer membrane receptor (Figure 8).

iutA iucD iucC iucB iucA

aa—— C K« |

iuc operon
8 kbp

[ | Receptor O Enzyme
Figure 8: Genetic organisation of the genes codirfgr aerobactin in E. coli CFT073

In UPEC, the aerobactin iron uptake system has lséemn to contribute to
serum resistance as well as to bacterial survivdlgrowth in the host (51). IroN, a novel
catecholate siderophore receptor, has been shota toore prevalent i&. coliisolates

from UTI or bacteremia specimens than in fd€atoli isolates (287).

The majority of APEC strains possesses the gari@sandiucC and produced
aerobactin relative to non-pathogenic avian iselg&6.3% vs 7.8% (183), 92.3% vs
63.5% (234), 63% vs 12% (73)). The deletion of thfgeron led to a decrease of the
persistence of bacteria in the blood and also mdl@amage of the respiratory tract and
deep organs within a reproduction model of therae@libacillosis on chicken (81). The
same authors have identified th@®N gene coding for the siderophore receptor a
counterpart of the UPEC strain 586N gene (308). This gene is part of an operon
consisting of the five genesoBCDEN coding for the salmochelin system, which is also
encoded by the plasmid ColV (160). The inactivatainthe iro operon reduced the
persistence of the bacterium in the blood and élspiratory tract lesions and deep organs
indicating that this group of genes is requiredtfar pathogenesis of avian colibacillosis
(54, 81).AmongE. coli isolates,iro sequences werghown to be associated with EXPEC
isolated from neonatal meningitis (232), UTI, amdgpatitis in humans (23, 163, 287) as
well as APEC (99, 281).
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Several authors have identified the presence ofadditional siderophore:
yersiniabactin encoded on the high pathogeniciignts (HPI) of pathogenic yersiniae
(165, 297, 298). Thapl andirp2 genes encode proteins likely to be involved in the
production of yersiniabactin aridyA code for the receptor for yersiniabactin FyuA (106
253). These genes have been detected in 89% ofammpic APEC strains of serogroup
O78 and in 80% of O2 strains (115). It is also reséing to note that 70% of these
isolates (serogroup O78 and O2 combined) carryuti® gene of the aerobactin operon
suggesting that these two iron acquisition systemist independently of one another
among many isolatds. coli (115). More recently, two other siderophore systeire. the
Sit (Salmonellairon transport), a member of the Mn-Zn-Fe trantgrofamily, and Chu
(E. colihaeme utilization) system were highlighted by salauthors, their involvement
in the virulence of APEC has not yet been iderdifi£96, 221, 289, 296, 313).

The homologous SitABCD system of APEC strgiil22, encoded by the
plasmid pAPEC-1 can transport both?Fd=e¢* and Mrf* ions, characteristic of carriers
of the Mn-Zn-Fe transporter family. The isogesitABCD deletion mutant of the APEC
strainx7122 was tested in an experimental reproductioneinotithe colibacillosis on
chicken. The severity of injuries caused in chickélas been the same for the mutated
strain and to the wild-type strain. These resulggest that the absence of the SitABCD
system is probably compensated by the presencdhef @on or metals acquisition
systems (289). It may be hypothesized that theseesg are likely to have a role in
growth of the bacteria at different stages of thmm colibacillosis, though their exact
role in the infection process remains poorly un&d and despite the high prevalence

of these systems among APEC.

In UPEC, Chu system is involved in formation of ragellular bacterial
communities(IBCs) in bladder urothelial cells but not the Sigstem (275). Iha is
expressedn vivo in the mouse urinary tract and functions as actaiate siderophore
receptor (195).
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2.3.5 Phosphate transporter system (Pst)

The Pst system is a phosphate ATP-dependent trdespa family member of
the ABC-transporters (for a review Higgins, 200The corresponding proteins are
encoded by the opergstSCAB-pholWvhich is located on the chromosome and belongs
to the Pho regulon (270) (Figure 9). This transgoit a system for inorganic phosphate
(Pi) acquisition in a reduced Pi environment, alut®l component important for
phosphorylation of nucleic acids, lipids, sugard proteins (327).

phoU pstB pstA pstC pstS

K <

pst opéron
5 kbp

[} Regulator M ATPase component O Phosphate transporter permease subunit | Phosphate binding protein
Figure 9: Organisation of thepst-phoU operon coding for the Pst system . coli CFTO73.

The PstS protein is periplasmic, PstA and PstGrarssmembrane and PstB binds
ATP (8, 318). PhoU probably represses the expresdithe Pho regulon in the presence
of high concentrations of phosphate (347). A matabf thepstphoU operon triggered
constitutive expression of the Pho regulon in aciper septicaemic EXPEC strain and
reduced its pathogenicity (66).

STM (signature-tagged mutagenesis) methods witbrtiosis in different sites of
the phoU gene are attenuated in the ability to cause UTHesEé mutants were
outcompeted approximately 100-fold by the wild-tygteain at all sites in the urinary
tract (19). Recently, it has been demonstrated wite phoU mutant and its
complemented variant that PhoU contributes to ieffiic colonization of the murine

urinary tract and thus PhoU was added to the fisbofirmed urovirulence factors (47).

The APEC strainx7122 has virulence characteristics common to aiperc
SEPEC strain such as the ability to withstand tifeces of serum (66, 82). In view of
these similarities, Lamarclet al. have studied the implication of tipstphoU operon in
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virulence of the APEC straig7122 to the chicken (184). Thus, the strain deletethe
pstCABoperon formed significantly less lesions in thethéost its ability to multiply in
the blood and to colonize extraintestinal orgarsyeed (lungs and spleen). The mutant
exhibited phenotypic changes (heightened sensittaitthe acid shock and polymixin)
indicating a likely deterioration of the compositiof the bacterial surface, which could
partly explain the decrease in virulence (184). dbwer, this operon seems not to be
involved in the resistance to bactericidal chickerum. This indicates that tpstoperon

is not involved in the early stages of respiratwibacillosis (184).

2.3.6 The Tsh protein and other autotransporters

Autotransporter proteins are also widely distributen E. coli (138). The
autotransporteurs are high molecular weight preterganized into several functional
domains. The thermosensible-hemagglutinin (Tsh)p&t of the serine protease
autotransporters dEnterobacteriaceadamily (SPATE). Tsh exhibits similarity in its
secretion mechanism with IgA (Immunoglobulin A) amdth serine proteases of
Neisseria gonorrhoeaandHaemophilus influenzag66). The Tsh protein is composed
of two parts, the secreted domain TshS and thdg3 T&main anchored in the outer
membrane (312). The gene encoding the Tsh pratdotated on the plasmid ColV near
the cluster of genes coding for colicine V (82) wéwer, the gene has been identified by
hybridization to be chromosomally located as weall an APEC strain (44).
In the study conducted by Mauret al. the tsh gene is present in 46% of APEC
pathotype isolates tested but not in commensainsti@09), while other studies have
shown a strong association of tisé gene with commensal strains (39.5% vs 3.8% (74),
90.4% vs 51.9% (234)). Dozort al. confirmed the association @$h to the APEC
showing a lethality test on one day chicks. Resmiticated that amongshpositive
APEC strains (46.2 % of tested strains) 90 % lgplonthe class of high lethality (LC1)
(82). These same authors show that presence ofskhgene is associated with the
amount of fibrin and lesion development in thesaics but not in other targeted sites of
the colibacillosis (82). This suggests the rold st as a putative adhesin in colonization

of the air sacs but not in the development of sgyi&tenfection. So far, the potential role
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of Tsh in the avian colibacillosis results from there frequent association of the
encoding gene with APEC strains than with non-pgéinac avian strains. The protease
function deducible from the Tsh structure has neit lyeen demonstrated. However, a
recent study has highlighted the adhesive and qisgie properties of Tsh (182). The
authors have shown that the purified protein TsbtSonly adheres to red blood cells but
also to hemoglobin and the proteins of the exttalzgl matrix (fibronectin and collagen
type 1V). The proteolytic activity of TshS agairtsisein has also been published (182).
Further studies are needed to determine the roltheofproteolytic activity in the

virulence of APEC strains.

Heimeret al. demonstrated that the autotransporter-encodingsgec (SPATE
homologue) andsh are associated with. coli strains that cause acute pyelonephritis and
are expressed during urinary tract infection. Théstrminants have been found more

frequently in UPEC strains than in fe&lcoli, suggesting a role in virulence (135).

Other SPATEs are considered to be toxins as well: thenpidencodedoxin
(Pet) of EAEC, the protease Pic of EAEC &@tdgella flexneriEspC of EPEC, EspP of
EHEC, SepA of Shigella flexneri,and Sat of UPEC (86). The Sat (Secreted
Autotransporter Toxin) protein is widely distribdtéen UPEC and was shown to have
cytopathic activity (elongation and vacuolation efikaryotic cells). Sat-specific
antibodies were found in the serumkofcoliinfected mice. Nevertheless the inactivation
of thesatgene did not attenuate tke coli strain CFT073 (124). All SPATES possess a
characteristic GDSGS serine protease motif and itempting to speculate that their

protease activity may serve as peptide-providinga®for the bacteria.

2.3.7 Complement resistance

The complement system is one of the early stagé®sif defense against micro-
organisms. The ability to withstand the effecte@iplement is essentially due to the K1
capsule, certain outer membrane proteins (Om@)eérouter membrane or other proteins

such as Iss (Increased serum survival), or thegpbysaccharides.
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2.3.7.1 The K1 capsule

The E. coli capsular antigen Kl is known to be an essentialleirce factor of
neonatal meningitis strains, with 80% of K1 capsudsitiveE. coli strains isolated from
neonatal septicaemia or acute pyelonephritis (1¥B¢ K1 capsule consists of a linear
homopolymer of N-acetytneuraminic acid (NeuNAc).eThiosynthesis and transport of
the E. coli Kl capsule are mediated by a polycistronic regudri7 kb located on the
chromosome which is divided into three functioregions (358) (Figure 10). The region
2 (encoded by the genesuUDEBACED(34)) is unique to each K antigen and codes for
the proteins involved in the synthesis, activatiord polymerization of sialic acid. The
region 1 contains two genekp6MT); the region 3 is composed of six genes
(kpsFEDUCS$. The latter two regions are highly conserved s&rthe speciek. coli.
These genes are required for the transport of #psutar polysaccharides through the
cytoplasmic membrane (KpsM and KpsT) and their ragdg on the surface of the
bacterium (KpsD and KpsE) (358).

neuD
kpsT
kpsF kpsg kpsD KkpsU kpsC kpsS neuS neuE neuC neuA neuB kpsM

) (adadaaendae e

capsule operon
16 kbp

O Synthesis [ | Assembly (| Export protein l aBc transporter
Figure 10: Organisation of the polycistronickps region coding for the K1 capsule irE. coli

The KI antigen is frequently associated with of tmest represented APEC
serogroups O1 and O2 (77, 119). The immunogenipguties of this surface antigen are
weak and could therefore be associated with the Q\RESistance to the bird immune
defense system. Kl capsule-positive APEC are messstant to serum than non-
encapsulatedt. coli strains (259). Mellatat al. have confirmed the results obtained by
Pourbakhslet al. by comparing the ability of a spontaneous non-psekated mutant and

its wild-type Kl capsule-positive variant to resistthe effects of complement and have
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also shown the importance of this surface antigethé association of APEC strains to
phagocytes (215, 216).

2.3.7.2 The outer membrane proteins OmpA, TraT andss

The outer membrane proteins (Omp) belong to att leas types: structural
proteins and porins permit the passage of smaleoubks (235). Three proteins of the
outer membrane, OmpA, TraT and Iss, play a motessrimportant role in the resistance
to serum. The first studies on the role of OmpAhain vivo pathogenesis d&. colifor
chicken were conducted in 1991 (352). By the comsparof a Kl capsule- and OmpA-
positive E. coli strain with itsompA mutant, the authors demonstrated the role of the
OmpA protein in resistance to serumvitro andin vivo as well as its role as a virulence
factor in chicken (263, 352).

ThetraT gene is carried on conjugative plasmids such asnpt R6-5 oE. coli
or plasmid ColV (3, 349). The lipoprotein TraT casisa structural and/or functional
change of complement proteins which reduces tmteractions with proteins on the
bacterial surface. Accordingly, phagocytosis ofteaa is reduced in serum (3). Unlike
for ompA no correlation has been established betweenrdsepce ofraT and virulence
as measured by a fatality test on chicken embr§63%)( A prevalence study of theaT
gene showed a distribution equivalent of this gemeong APEC strains and non-
pathogenic strains. Thus, the authors assigned drailnor role in APEC pathogenesis
(254). However, the gendsgaT, traK andtraG are expressedh vivo during chicken
infection (81).

The iss gene is carried on the ColV plasmid and codesaftipoprotein of the
outer membrane (60). This gene is mainly presenisafates associated with avian
colibacillosis when compared with isolates fromltigaanimals (76.6% vs 18.7% (254),
82.7% vs 18.3%(281)). The relationship betweenptesence of théss gene and the
complement resistance was first established by $8#tml. (31). These authors observed

that when thass gene was introduced transinto anE. coli K-12 strain, resistance to
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bactericidal serum was increased (31). Moreovesirain deleted for the Kl capsule
determinant was more sensitive to complement tlmissamutant, suggesting that Iss

play a less important role for serum resistance tha K1 capsule (324).

2.3.7.3 The lipopolysaccharide complex

Lipopolysaccharide (LPS) is a key component of dhter membrane of Gram-
negative bacteria. It comprises three distinctaesf Lipid A, the oligosaccharide core,
and commonly a long-chain polysaccharide, the @ g@idain that causes a smooth
phenotype (see Figure 11).

Lipid A is the most conserved part of LPS. It isigected to the core part, which
links it to the O repeating units (Figure 11)HBncoli, five different core structures (K-12
and R1-R4) have been described (9, 144, 277). Theeg@ating units are highly
polymorphic, and more than 190 serologically ditished forms irkE. coliare known
today (136, 243). The genes coding for LPS cordehegns are located at a conserved
position onthe E. coliK-12 chromosomal map (81-82 min) (26). Twa* (formerly rfa)
gene clusters contain the genes which code foretimymes required for the core
biosynthesis and assembly and consist of threeonperdefined by their first genes
gmhD, waaQand waaA Although the O repeating unit-encoding gene elugivb*,
former rfb) is extremely polymorphic within the speci&s coli, it is localized at a
conserved position on the. coli K-12 chromosome between the gemgdF and gnd
(45.4 min.) (26).
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Figure 11: Chemical structure of LPS fromE. coli O111:B4 according to Ohno and Morrison 1989
(241). (Hep) L-glycerol-D-manno-heptose; (Gal) galactadg&lc) glucose; (KDO) 2-keto-3-deoxyoctonic

acid; (NGa) N-acetyl-galactosamine; (NGc) N-acefiyleosamine.

These determinants consist of several sugar tnassfe epimerase- and

isomerase-encoding genes, the O antigen flippas®,(the O antigen polymeraseZy

formerly rfc) as well as the genes coding for enzymes involiredccarbohydrate

biosynthesis pathways. Until now, sevdtalcoli O antigen-encoding gene clusters have
been studied, e.g. those of serotypes O7, 01113 Cdrid 0157 (206, 250, 345, 346).

They show no significant nucleotide homology betveach other, with the exception of

some common genes suchnaanCandmanB However, they contain a conserved range
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of predicted enzyme activities. The O6 antigen idely distributed among pathogenic
and non-pathogenic faecBl coli isolates and is often found in uropathogegiccoli
strains. Since LPS is located on the outer surf#cbacterial cells, its expression is
known to be responsible for many features of thié steface of the Gram-negative
bacteria, such as resistance to detergents, hydbophantibiotics, organic acids, serum
complement factors, adherence to eukaryotic c2ls 112, 120, 152, 199, 320). It has
been suggested that some of these characteresigscially resistance to the bactericidal
effect of the complement system, are dependenherength of the O side chain (257).
LPS is believed to significantly contribute to ‘@ace by protecting bacteria from the
bactericidal effect of serum complement (150, 233)). Moreover, it has recently been
reported that the K5 capsule does not contributenash to serum resistance Bf coli
strains as the O antigen (50). The lipid A is enedwith toxic properties and represents
the endotoxin of Gram-negative bacteria that camebteased only upon bacterial lysis.
The synthesis of several types of extracellulaygadcharides is necessary for optimal
urovirulence (19).

Ellis and co-workers studied the relationship bemveserum resistance and
virulence of pathogeni&. coli strains isolated from turkeys and showed a cdrosla
between the serogroup of the strains and resistaneerum (93). Eight of the ten APEC
strains tested showed resistance to the effeatsraplement. Among these eight strains,
seven belonged to serogroup O78. Tielocus coding for the LPS, is expressedivo
during infection indicating its importance for APEulence (81). By comparing a wild-
type pathogenic smooth O78 strain and its O78 @-slthin mutant, the authors have
documented the importance of this surface antigenbfcterias resistance to host
defenses. The O78-mutant, unlike the wild-type |¢owt resist to the bactericidal effect
of serum. Moreover, in an experimental reproductioodel of avian colibacillosis, the
078 LPS-mutant exhibited reduced virulence feate@spared to its O78wild type
strain (216). These studies demonstrate the impcetaf the surface antigen O78 for the
virulence of APEC.
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2.3.8 Toxins and bacteriocins

Toxins are prominent virulence factors of bactep@ihogens. Three toxins play a
major role during UTI: the cytotoxic necrotizingctar 1 (CNF 1), the cytolethal
distending toxin-1 (CDT-1) andx-haemolysin. CNF 1 is widely distributed in
extraintestinal pathogens (12) and belongs to antémily which modifies Rho, a
subfamily of small GTP-binding proteins that arguiators of the actin cytoskeleton (6).
The gene for CNF 1 is chromosomally located oned#iit pathogenicity islands of
UPEC (36, 328). Eukaryotic cells intoxicated wititNIE 1 exhibit membrane ruffling,
formation of focal adhesions and actin stress $itmrd DNA replication in absence of

cell division.

CDT-1 is a secreted protein which has the capagitghibit cellular proliferation
by inducing an irreversible cell cycle block at tk&2/M position (61). CDT-1 is
composed of three polypeptides (CdtA, B and C) wiaie all required for CDT activity
(94). The direct role of the toxin in uroinfectidmpwever, remains to be proven. Tdre
haemolysin is a member of the RTX toxin family, atis widely disseminated among
pathogenic bacteria and widely distributed in URESGnell as in EHEC isolates. They
gene cluster encoding the toxin and the enzymeisfdiosynthesis is located on PAIs or
on plasmids. The type | secretion pathway, a paosttational maturation and the
presence of C-terminal calcium binding domain draracteristics of this pore-forming
toxin (143, 344).

Other secreted compounds, such as colicins andaoms, are also widespread
among E. coli strains and are believed to mediate antagonisi@tioaships, thus
contributing to competitiveness and the effectieugization of the host. Microcins are
peptides of a relatively small size (1.18 to 9.@@xak They are considered as modified
peptide antibiotics since they are synthesized aptige precursors which are
subsequently modified by other proteins. They reca wide range of cellular targets:
colicin B17 has been shown to be an inhibitor ¢ IINA gyrase (343), colicin C7
inhibits protein synthesis (121), and colicin V rdists the membrane potential (366).
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Microcin H47, encoded by the chromosomally-locatethgene cluster, was shown to be

ribosomally synthesized as a peptide precursor)(280

APEC strains rarely produce toxins (32, 77). Twpety of toxic effects were
observed in 22.5% of APEC strains isolated frontisapmic chickens and turkeys in a
study of 500 strains: a cytotoxic effect on Verdlscand/or on Y-1 cells culture (95).
However, Fantinattet al. observed a cytotoxic effect on Vero cells for otiilyee strains
isolated from septicaemic chickens on 17 (101). Sostudies show that a small
proportion of avian strains possess the genes arg&higa toxins Stx1 and Stx2, CNF
1 or CNF 2 toxins (32, 65, 73). Salvadeti al. have highlighted a cytotoxic effect of
certain APEC strains on several avian cell linesuhure (kidney cells and fibroblasts),
which is manifested by the formation of vacuole®@Q)2 The toxin, called Vat for
vacuolating autotransporter toxin, is a new menabe¢ne family SPATE (138, 247). The
genevat was located on a pathogenicity island recentiytified in APEC strain Ec222
(249). A Avat isogenic mutant strain of the Ec222 was testevghmodels of infection
and revealed to be non-virulent for chickens (249is still not deciphered today if the
cell and tissue damage of the host during the fitieqrocess of avian colibacillosis is
due to the direct action of these toxins or simghlg activation of an inflammatory

response of the host.

2.4 Potential other virulence factors

In case of the APEC, all virulence factors desdibbove are not sufficient to
explain all stages of the pathogenesis of respiratolibacillosis and their role is not
clearly defined. The recent identification of newtgntial virulence factors of APEC
could provide new data for a better understandirigth®ir role in respiratory

colibacillosis.
Among these new virulence factors we can cite tfefifnbriae. These fimbriae

were mainly reported in pathogeni€. coli strains responsible for diarrhoea or

septicaemia in cattle and sheep (189, 197, 244)a$t only recently that these adhesins
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have been associated with APEC (316). Few APEGnstrxpress these fimbriae. A

recent study conducted on 763 strains APEC andch2@8athogenic avian strains found
that only 7.7% of APEC strains have ti&A gene. However, only one non-pathogenic
strain (0.48%) proved to be positive for this géB&6). The pathogenicity of certain

strains with the F17 adhesin but without P-fimbriees been tested in an experimental
model of the avian colibacillosis. FI7-positive ABEtrains were pathogenic for chicken
and caused characteristic lesions of avian colilbacs (315). However, these results are
not sufficient to conclude that F17 fimbriae areiralence factor of APEC, because the
strains possess other known potential virulenceéofac fimbriae type | and/or iron

acquisition system and/or Tsh protein (315). Fldteel adhesins were also identified in

human UPEC and bovine septicaeficcoli strains (207).

Mat fimbriae is a novel fimbrial type recently deteed in human O18:K1:H7
strain IHE3034 (262). The binding specificity ortfunction of these fimbriae is not
known. The 7-kbmat region required for Mat fimbriae expression doed share
significant homology with DNA encoding other filameus adhesins. Thmat gene
cluster is found to be highly homologous (97-99 i#Klebsiella pneumoniaand in
variousE. coli pathogroups but it seems to be absent in ETE@straxpression of Mat
fimbria is probably differently regulated in var®H. coli pathogroups as it was detected
only in MENEC straingn vitro. Rendon et aldemonstrated its expression in intestinal
commensal and pathogenkt coli, in anin vitro model. Isogenic mutants of EHEC
0157:H7 or of commensal Mat fimbriae-negativecoli showed significant reduction in
adherence to cultured epithelial cells. This pinay have a potential role in host
epithelial cell colonization and may represent dhesience factor of both pathogenic and

commensakE. coli (276).

Different studies on virulence factors in septicefi coli strains of various hosts
like humans, birds and lambs (220) show a varigbddile of virulence genes as well as
the presence of mobility-related sequences, inidigahe existence of a ‘mix-and-match’
combinatorial system of virulence factors that banused. The important conclusion of

this study is that the distribution of virulencetiars was independent of the host: bacteria
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from the same host can have different virulencateel genes, just as bacteria from

different hosts can share the same virulence-Elstguences.

A recent study on APEC, UPEC, and NMEC, based ootywang, virulence
genotyping, and ECOR grouping (99) supports theothgses that poultry may be a
vehicle or even a reservoir for human EXPEC straimst APEC potentially serve as a
reservoir for virulence-associated genes of UPEG BMMEC, and that some EXPEC

strains, although of different pathotypes, may sltammon ancestors.

Several molecular epidemiological studies by mudtuis sequence typing
(MLST), which is highly discriminatory to analyzdonal relationships, support the
results from subtractive hybridization and DNA sexgeing. They show that the profile
of virulence factors in EXPEC strains, as welllasrtclonal relationship, is independent
of the host and independent of the serotype. Hokyélvere may be some degree of host
specificity in EXPEC strains, becauge coli strains isolated from avian septicemia are

more virulent to chicks thaa. colistrains isolated from new born meningitis (285).

Recent studies about the comparison of sequenceswviein and human
extraintestinal pathogeni€. coli by genomic subtractive hybridization (167) or geeom
sequencing of a representative APEC strain (15@edine the genetic variability of
EXPEC as well as genomic similarities between URBE APEC. Nevertheless, they did
not identify any single marker that would determimest and/or niche specificity of
APEC or UPEC.

2.5 Aims of this study

As specific virulence factors that trigger the otfen of either humans or poultry
could not be identified yet, one aim of this stwdys to investigate whether differential
regulation of virulence gene expression may bearsiple for host specificity of APEC
and human ExPEC strains. A thorough analysis afofacthat contribute to the host

specificity (human vs. poultry) of EXPEC strainstherefore important to evaluate the
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zoonotic risk emerging from these bacteria. In gostext, the difference between the
human and the avian body temperature (37 °C and24i€, respectively) could be
important. Consequently, the transcriptome of a dnurand an avian EXPEC isolate of
serotype O18:K1 in response to different growthpgeratures should be compared by
DNA array hybridization to identify genes that aspecifically transcribed either in
response to the body temperature of humans (3arfi€)avians (41 °C) or depending on

the strain background.

In the second part of my thesis, the expressioMat fimbriae of MENEC,
018:K1:H7 strain IHE3034 was investigated. The miflehe matA gene, coding for the
putative regulator of Mat fimbriae, was studiedtignscriptome comparison of the wild
type and its isogenimatAmutant, carrying a mutation in the helix-turn-Refiomain of
the protein. Additionally, the genetic organizatmiithematgene cluster was studied, the
matA promoter was analysed and its transcription gpaint was determined. The
influence of different growth temperatures and damiption factors onmat gene
expression was analysed as well. The results shioydove our knowledge on the
molecular mechanisms underlying different gene esgion patterns in different EXPEC

strains.
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Material

1 Strains

3. Material

All bacterial strains used in this study and thelevant genotype are listed in Table 4.

Table 4: Bacterial strains used in this study.

Strain Relevant properties Reference
E. coliMG1655 OR:K:H48, F, A, ilvG, rfb-50rph-1 (Blattner et
al., 1997)
E. coliDH5a F, endAl, hsdR17 (k-, mk-), SupE44,thi-1, recAl, (Bethesda
gyrA96,relAl, A, A(argF-lacU169,$80dlacZ Research
AM15 Laboratories)

E. coliIHE3034 EXPEC 0O18:K1:H7, newborn meningitis iselat (181)

E. coliBEN374 EXPEC O18:K1:H7, avian septicaemia isolate. (M. Moulin-Schouleur, INRA
Centre de Tours, France)

E. coliRS218 EXPEC 0O18:K1: H7, newborn mengitis isolate. (352)

E. coliBEN79 ExXPEC O18:K1:H7, avian septicaemia isolate. (M. Me&chouleur, INRA
Centre de Tours, France)

E. colilHE3072 EXPEC O2:K1: H5, newborn meningitis iselat  (Achtman et al., 1986)

E. coliBEN2908 EXPEC 0O2:K1:H7, avian septicaemia isolate.  (Schouler et al., 2004)

E. colil772 EXPEC O2:K1, avian septicaemia isolate. kKady et al., 2005)

E. coli285 EXPEC O78, newborn meningitis isolate. (Mbket al., 2005)

E. coli 789 EXPEC O78, avian septicaemia isolate. (Yexnsi et al., 1990)

IHE30341hcha chromosomal deletions of CDS (this study)

IHE3034matA chromosomal deletions of CDS (this study)

BEN374matA chromosomal deletions of CDS (this study)

BEN3741matB chromosomal deletions of CDS (this study)

MG165%matA chromosomal deletions of CDS (this study)
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3.2 Plasmids

All plasmids used and constructed during this staylisted in Table 5.

Table 5: Plasmids used in this study.

Plasmid Relevant properties Reference

pKD46 repAl01(ts),araBp-gam-bet-ex@red (70)
recombinase under the contolasbB

promotor), ApR bla)

pKD3 oriRg, ApRcat-gene flanked by (70)
FRT sites

pKD4 oriRg, ApRnpt-gene flanked by (70)
FRT sites

pCP20 Yeast Flp recombinase gene (FLP, aka €x®@)
ts-repg ApR,CmR

pPGEMT-matA This study

pBAU1 gene fusion of MBP and MatA Thisdy

3.3 Medium

Bacteria were routinely grown in Luria-Bertani (LBjoth at37 °C with shaking at 220
rom or on LB agar plates if not state otherwisectBaacarrying temperature-sensitive
plasmids (pKD46) wergrown at permissive temperatures (30°C).

When appropriatemedia were supplemented with chloramphenicol (20mi)g
kanamycin (30 pg/ml), or ampicillin (100 pg/ml).

All media were autoclaved for 20 min at 120 °Qpat stated otherwise. Supplements for
media and plates were sterile filtered through 22 Qum pore-filter and added after

cooling down the media to <50 °C.
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3.3.1 Media

LB medium (Luria-Bertani): (Sambrook, 1989)
10 g tryptone from casein

5 g yeast extract

5gNaClad11deD

LB agar plates:
LB medium + 1.5 % (w/v) agar (Difco Laboratoriestibit, USA)

Motility agar plates:
LB medium + 0.3 % (w/v) agar

Blood agar plates:
LB plates containing 5 % (v/v) washed sheep eryiyies
(Elocin Lab, Mahlheim a. d. Ruhr)

X-Gal medium:

LB-medium supplemented with the following additives
IPTG (0.1 M)

X-Gal (2 %, (w/v) in N,N'-dimethylformamide)

Yeast-tryptone medium (YT):
Tryptone 16 g

Yeast extract 10 g

NaCl 10 g

dH20 add 1000 ml

-B3 -



Medium for detection of aerobactin expression (Bran, Gross et al. 1983; Ott,

Bender et al. 1991):

Aerobactin agar plates:

Nutrient broth 49

NacCl 25¢

Agar 649
Dipyridyl (200 mM) 5 ml
Titriplex (10 mM) 5 ml

dH0 add 500 ml

Soft agar for aerobactin agar plates:

Nutrient broth 0.8¢g
NacCl 059

Agar 0.75¢
Dipyridyl 200 mM 1ml
Titriplex 10 mM 1ml

E. colistrain EN99 4 ml
overnight culture

(YT,Tc)

dH20 add 100 ml

Congo red medium:

The congo red and Coomassie brilliant blue stodktiems were sterilized by filtration

through a 0.22 pum sterile filter and added to theaaved medium.

Trypton 10 g

Congo-red (0.4 mg/ml) 1 mi

Coomassie brilliant blue (0.2 mg/ml) 1 ml

dH20 add 1000ml
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M63B1 minimal medium:

10 ml 20 % (w/v) (NH),SO; solution

13.6 g KHPO,

1 ml 10 % (w/v) MgS@solution

1 ml 0.1 % (w/v) FeS@solution ad 978 ml éB

pH adjusted to 7 with KOH and autoclaved; then toldiof
2 ml 0.05 % (w/v) thiamine (sterile filtered)
20 ml 20 % (w/v) glucose (sterile filtered)

CAS agar plates:  (Schwyn and Neilands 1987)
I) Basal agar medium

30.24 g PIPES; dissolved in 250 mlgH+ 12 ml 50 % NaOH
100 ml 10 x MM9 salts 3 g /| KiPO,

5 g /I NaCl

10 g /I NE
autoclaved and cooled to 50 °C;

15 g agar dissolved in 500 ml gBi

autoclaved, cooled to 50 °C and mixed with firdugon; then addition of

30 ml 10 % (w/v) casamino acids solution (sterikefed)

10 ml 20 % (w/v) glucose solution (sterile filtejed

II) CAS indicator solution(100 ml)

60.5 mg Chrome azurole S (CAS; Sigma) dissolveésDim| dHO
10 mliron Il solution: 27 mg Fegk 6 H,O

83.3 pl 37 % HCl
ad 100 ml dHO

-B5 -



3. Material

To the above solution, 72.9 mg hexadecyltrimethylnmeonium bromide (HDTMA)
dissolved in 40 ml distilled water was added slowhder stirring. The resultant dark
blue solution was sterile filtered, heated to 50ai@ added very slowly along the glass

walls to the basal agar medium before pouring apprately 25 ml into each plate.

3.3.2 Antibiotics

When appropriate, media and plates were supplechesii the antibiotics listed in
Table 6 in the indicated concentrations. Stocktsmhg were sterile filtered and stored at

-20 °C until usage.

Table 6: Antibiotic substances used in this study.

Antibiotic Stock conceaation Solvent Working concentration
Chloramphenicol (Cm) 50 mg/mi EtOH 20 pg/ml

Ampicillin (Ap) 100 mg/ml diO 100 pg/ml
Kanamycin (Km) 50 mg/ml (5.5 50 pg/mi
anhydro-Tetracycline (aTc) 2 mg/mi EtOH 0.2 pg/ml
Spectinomycin (Spec) 100 mg/ml 20H 100 pg/ml

3.4 DNA and Protein Markers

To determine the size of DNA fragments in agarcas,dhe “GenerulerTM” 1-kb DNA
ladder, purchased from MBI Fermentas, was used.aAseference in denaturing
agarosegels for Northern blotting, both the lowga®RNA marker from Peqglab as well
as the 0.24-9.5-kb RNA ladder from Invitrogen wased. To determine the molecular
weight of protein fractions separated by polyaanitie gel electrophoresis, “Rainbow
marker” (RPN800) purchased from Amersham Bioscignezas used.
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3.5 Technical Equipment

Balances IL-180, Chyo Balance Corp

Kern 470

Ohaus Navigator

Autoclaves Integra Bioscience, H+P Varoclav
Bioanalyzer 2100 Agilent Techn., Palo Alto, CA
Incubators Memmert Tv40b (30 °C, 42 °C)
Heraeus B5050E (37 °C)

Clean bench NUAIRE, Class II, type A/B3
Electrophoresis systems BioRad

Electroporator Gene Pulser, BioRad

FPLC Amersham Pharmacia

Hybridization oven HybAid Mini 10

Centrifuges (cooled) Beckmann J2-HC ® JA10 and Jvsi2rs
Haraeus Sepatech Megafugel.OR

Haraeus Sepatech Biofuge 13R

Centrifuges (table top) Eppendorf 5415C

Hettich Mikro20

GenePix4000B microarray reader (GE Healthcare).
Magnetic stirrer Heidolf MR3001K

Micropipettes Eppendorf Research 0.5-10 pl
Gilson pipetman 20 pl, 200 ul, 1000 pl

Microwave AEG Micromat

Power supplies BioRad Power Pac 300
PCR-Thermocycler Biometra T3

pH-meter WTW pH 525

Documentation BioRad GelDoc2000 + MultiAnalyst Saite V1.1
Developer Agfa Curix 60

Photometer Pharmacia Biotech Ultrospec 3000

Phosphoimager Amersham Biosciences, Typhoon 4600

-57-



3. Material

Shakers Bihler TH30 SM-30 (37 °C, 150 rpm)
Innova 4300, New Brunswick Scientific (37 °C, 220n)
Innova 4230, New Brunswick Scientific (30 °C, 22@p
Sonicator Bandelin Sonoplus HD70; Tip UW70
Speedvac Savant SC110

Thermoblocks Liebisch

Vacuum Blotter Pharmacia + LKD Vacu Gene Pump
Videoprinter Mitsubishi Hitachi, Cybertech Cb1l
Vortexer Vortex-Genie 2TM Scientific Industries
UV-Crosslinker BioRad

Waterbath GFL 1083, Memmert
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4. Methods

If not stated otherwise, all methods followed tmstiuctions described in the CSH
Laboratory Manual (Sambrook 1989). Centrifugatiovith no other indications were

carried out in a table top centrifuge at 13,000.rpm

4.1 Manipulation of DNA

4.1.1 Small scale isolation of plasmids

While using the QIAGEN Plasmid Midi and Mini Kit,abteria were collected from
100 ml over night cultures by centrifugation (60ptn, 4 °C, 15 min) and resuspended in
4 ml buffer P1, according to the manufacturer'soremendations. After 5 min
incubation at room temperature, 4 ml buffer P2 waatded for lysis of the cells. After
clearing of the suspension, 4 ml neutralizationfdruP3 were added and samples were
incubated for 10 min on ice. Cell debris and gemomNA were removed by
centrifugation (11000 rpm, 4 °C, 30 min). PlasmitNAcontaining supernatant was
loaded on equilibrated columns by gravity flow. @ahs were washed with buffer QC.
Subsequently, plasmid DNA was eluted with 3.5 mffdluQF and precipitated by
addition of 0.7 vol isopropanol. After centrifugati (13000 rpm, 4 °C, 20 min), DNA
pellets were washed with 70 % (v/v) ethanol, aiedliand resuspended in water.

Plasmid isolation using the QIAspin mini kit wererformed similarly with some
modifications: bacteria were harvested from 1-10 awér night cultures, buffer N3
containing guanidine hydrochloride was used fortradization, and plasmid DNA was
purified from the supernatant by using small spatumns, which were centrifuged at
13000 rpm for 1 min. DNA was eluted in a small vokiof dBO and directly used for

further experiments.
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4.1.2 Isolation of chromosomal DNA (Grimberg et al. 1987)

Bacteria from 1 ml of an over night culture werevested by centrifugation for 4 min in
a 1.5 ml reaction tube. After washing with 1 ml TR&ffer, cells were centrifuged for 4
min and resuspended in 270 ul TNE-X solution. 30ypbzyme (5 mg/ml) were added
and samples were incubated for 20 min at 37 °CerAards, 15 pl proteinase K (20
mg/ml) were added and further incubated for up boa? 65 °C until the solution became
clear. The genomic DNA was precipitated by additwd®.05 vol 5 M NaCl (15 pl) and
500 pul ice-cold ethanol and then collected by d¢rigation for 15 min. After washing
two times with 1 ml 70 % (v/v) ethanol, DNA pelletgere air-dried and redissolved in
100 pl sterile dRO.

TNE: 10 mM Tris

10 mM NaCl

10 mM EDTA pH 8.0

TNE-X: TNE + 1 % Triton X-100

4.1.3 Precipitation of DNA with alcohol

DNA was either precipitated with ethanol or witlbpsopanol. In the first case, 0.1 vol 3
M Na-acetate (pH 4.8) were added to the samplexrddiie addition of 2.5 vol ice-cold
100 % (v/v) ethanol. For the precipitation withpsopanol, 0.7 vol were used. Samples
were incubated for at least 1 h at -80 °C beforgrifagation (13,000 rpm, 4 °C, >20
min). The DNA pellet was washed with 70 % (v/v)aetbl, dried in a Speedvac for 10
min and resuspended in gbl

4.1.4 Determination of nucleic acid concentrations

Nucleic acid concentrations were measured at 26@nruartz cuvettes with a diameter
of 1 cm. An absorption at 260 nm of 1.0 correspadsO pug/ml double-stranded DNA
or 40 pg/ml RNA. The purity of the preparations wdetermined by measuring the
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absorption of the sample at 280 nm. DNA and RNAeneonsidered sufficiently pure
when the ratio A260 / A280 was higher than 1.8.0r Bspectively.

4.1.5 Polymerase chain reaction (PCR)

This method allows the exponential amplificatiorDMA regionsin vitro by using a heat

stable DNA polymerase froifhermus aquaticuél'ag). This way, even small amounts of
template DNA can be amplified to high copy numbar&l easily visualized during
screening assays. Another application of PCR is-difected mutagenesis by using

oligonucleotides with adapted sequences, e.gicgstr sites.

Standard PCR

For routine PCR-amplification,Tag DNA polymerase kits of different suppliers
(QIAGEN, Sigma) were used. Usually, the reactiors \warformed in a final volume of
20 pl.

Mix for one sample: 2 pl 10x reaction buffer (QIASE

2 ul 20mM dNTP mix (Sigma)

0.6 ul 25 mM MgCl

0.2 ul 100 pM primer solution 1

0.2 pul 100 pM primer solution 2

1 pl 100 ng/ul template DNA or boiled cells

0.05 pul Tag DNA polymerase (QIAGEN)

14 ul dHO

For the Sigma Red Taq polymerase kit, both prinaed template DNA were added to
8.6 pl

dH,O and 10 ul 2x Red Taqg ready mix (see the manufcsunstructions).

The thermal profile was designed according to tireealing temperature of the
individual primers and the length of the expectegblfication product:

Initial denaturation 2 min, 95 °C
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1. Denaturation 45 sec, 95 °C
2. Annealing 45 sec (54-60 °C) 25-35 cycles
3. Elongation 30 sec 0.5-5 min, 72 °C

Final elongation 2 min, 72 °C

PCR with proof-reading polymerases

For site-directed mutagenesis using PCR productdiffarent polymerase with 3’-5’
proofreading activity had to be used in order t@vent misincorporations during
extension. The composition of a typical PCR mixtfoeA Red mutagenesis (see section

4.1.13) is given below:

Mix for 1 sample: 5 pl 10x Opti buffer (Eurogentec)
5 pul 20mM dNTP mix (Sigma)

3.5 ul /kb 50 mM MgCl

1 pl 100 pM primer solution 1

1 pl 100 pM primer solution 2

1 pl 100 ng/pl template plasmid DNA

0.5 pl DAP Goldstar polymerase (Eurogentec)

ad 50 pl dHO

4.1.6 Enzymatic digest of DNA with restriction endo  nucleases

The DNA was dissolved in di® and mixed with 0.2 vol 10x reaction buffer and bf
restriction enzyme per ug DNA, so that the finalunoe of the sample was 15 pl for
plasmid DNA and 50 pl for genomic DNA. The mixtueas incubated at 37 °C,
depending of the specific requirements of the erzymdicated on the product sheets.
Whereas plasmid DNA was digested for one to twordiodigestion of genomic DNA
was carried out over night. The reaction was stdpgpe adding 0.2 vol stop-mix (see
following section 4.1.7.). When appropriate, ineation of the restriction enzyme was

carried out by heating the samples for 20 min at®5
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4.1.7 Horizontal Gel Electrophoresis

For routine analytical and preparative separatiorDbBA fragments, horizontal gel
electrophoresis was performed using agarose geierunon-denaturing conditions.
Depending on the size of the DNA fragments to hmassed, the agarose concentration
varied between 1 and 2 % (w/v) in running buffex (MAE). In order to have a visible
running front and to prevent diffusion of the DN&2 vol loading dye was added to the
samples before loading. The electrophoresis wasedaout at a voltage in the range
between 16-120 V. The gels were stained in an igthidbromide solution (10 mg/ml),

washed with water and photographed under a UV-thamsnator.

4.1.8 Isolation of DNA fragments from agarose gels

DNA was purified from agarose gels using the QlAa§uGel Extraction Kit (QIAGEN).
Agarose pieces containing the DNA fragment of edgérwere cut out of the gel and
subsequently melted for 10 min at 50 °C in QG bu¢gipplied by the manufacturer).
The DNA was separated from the rest of the solutignapplying the mixture to
QIAquick spin columns followed by centrifugationrf&é min. The columns were then
washed with 750 ul PE buffer (supplemented withaedth). Residual PE buffer was
removed by centrifugation (2x 1 min). Finally, tB&A was eluted from the column
with 20-50 ul sterile dkD.

4.1.9 Ligation of DNA fragments

Linearized vector and insert DNA after restrictidigest can be ligated either due to the
presence of sticky ends or by blunt-end ligatiohe Tmodifying enzyme for ligation
process was a T4-DNA ligase (New England BiolaB®st efficiencies were obtained
using a insert/vector ratio of 3/1. Reactions wezdormed over night at 16 °C in a final
volume of 15ul containing 1.5ul 10x ligation buffer and 50 U T4 ligase.
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4.1.10 Transformation of bacterial cells

Preparation of electrocompetent cells and electragion

50 ml LB medium were inoculated with 500 ul of areonight culture of the strain of
interest and grown QOdgy of 0.6-0.8. The cells were collected by centrifima for
10 min 6000 x g at 4 °C. The pellet was left on fice 30 min and then washed with
50 ml ice-cold dHO. After a second centrifugation step at the sanmelitions, the pellet
was resuspended in 25 ml 10 % (v/v) glycerol, ¢krged again and finally resuspended
in 600 pl 10 % glycerol. The cells were stored & 4 aliquots at -80 °C. For
electroporation, one aliquot was thawed on ice amxked with ~ 0.5 pg DNA. The
mixture was applied into a “Gene pulser” cuvetteofad) with a distance between the
electrodes of 0.1 cm and incubated for 10 min enThe cells were electroporated using
a Gene pulser transfection apparatus (BioRad)eafiolfowing conditions: 2.5 kV, 25 uF,
and 600 for linear fragments or 20Q for plasmids. Immediately after electroporation,
1 ml LB medium was added to the cuvettes. The mixwas transferred into a new tube
and incubated at 37 °C (or 30 °C for temperaturesitige plasmids) for 1 h before the

cells were plated on selective agar plates.

4.1.11 A/T cloning of PCR products using the pGEM-T  ® Easy vector
system

This kit enables rapid cloning of PCR fragmentshaitt digestion by overhanging
adenine nucleotides at their 3' ends into a lizedrivector that contains overhanging 5'
terminal thymidine residues. pGEM-T® Easy vectdowas cloning of DNA fragments in
a multiple cloning site which is flanked by T7 aB®#6 RNA polymerase promoters,
respectively. This vector expresses th@eptide of the3-galactosidase, thus enabling
“blue-white” screening of successful DNA integratioThe ligation reaction was

performed overnight at 4 °C or for 2 h at RT andweepared as follows:

2x T4 DNA ligation buffer 10 pl
pGEM-T® Easy vector 1 pl
PCR product 1-8 pul
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T4 DNA ligase 1 pl
dH20 to final volume of 20 pl

4.1.12 Cloning of DNA fragments digested with restr  iction enzymes

DNA fragments digested with restriction enzymeseneloned in vectors that were cut
with appropriate enzymes (“sticky ends ligatiorpr ligation, digested vector and insert
were mixed in a ratio of 1:3. The ligation reactisas performed overnight at 4 °C or 16
°C, or for 2 h at RT and was prepared as follows:

Linearized vector 0.5-1 pl

Restriction enzyme-digested DNA fragment 1-17.5 pl

5x T4 ligase buffer 2 pl

T4 ligase (New England BioLabs), 2 U/ul 1 pl

dH20 to final volume of 20 pl

When the vector and the insert were cut with omlg gestriction enzyme or for blunt end
ligation, the ends of the linearized vector moleoukre dephosphorylated before ligation
using antarctic phosphatase (New England BioLab®yder to prevent religation of the
vector. Removal of the 5'-phosphate residue wasedaout by addition of 0.1 vol 10x
antarctic phosphatase reaction buffer (ZiCimM; MgChL 10 mM; Bis Tris-Propane 500
mM; pH 6.0; H20bidest.), 1 U antarctic phosphatase incubation for 1 h at 37 °C. The

reaction was stopped by heating for 5 min at 65 °C.

4.1.13. Gene inactivation by A Red recombinase-mediated
mutagenesis using linear DNA fragments

The construction of the mutants was performed ubimear DNA for recombination, as

described by Wanner and Datsenko (2000). This rdethlies on the replacement of a
chromosomal sequence with an antibiotic markerighgenerated by PCR using primers
with homology extensions to the flanking regionghef target sequence. Recombination

is mediated by the Red recombinase derived fromithmhage. This recombination
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system consists of three gengsfy exg, which encode the phage recombinases and an
inhibitor of the host RecBCD exonuclease V, whidrmally mediates degradation of
linear DNA in the cell. A schematic overview of theocedure is depicted in Figure 12.
Briefly, a linear DNA fragment containing an antbc marker cassette flanked by FRT
sites and 45-nt homologous extensions to the tayge¢s (up- and downstream regions,
respectively) were amplified by PCR as describeseiction 4.1.5. The proofreading Dap
Goldstar polymerase (Eurogentec) was used for &ogilon of the linear fragments
with plasmids pKD3 (harboring a chloramphenicol is&sice cassette) or pKD4
(harboring a kanamycin resistance cassette) addémp a total volume of 400 pl. The
annealing temperature for all primers was 54 Q@40 cycles of amplification. PCR
products were purified using the QIAquick PCR pgaafion kit, ethanol precipitated and
resuspended in 10 pl dH20.

Slep 1. PCR amplily FRT-flanked resistance gene

.5.
Y;iRT Arntibiotio {_c:isr_'lnca .-FRT
Fz \A{J
Step 2. Transformn strain expressing A Red recombinase
H1 H2

| Dere A | Gene B ] Gene O -“—

Step 3. Select antibintic-resisiant transiormants

FRT ERT

— Andibindic resistance |—-I
| Genea Eﬂ /KXKA’K[AQ’&L’?} Gane G |

Step 4. Eliminate resistance cassette using a FLP expression plasmid

FRET

! Gene A [iZl tiZl Gene C |

Figure 12: Strategy for inactivation of chromosomalgenes using PCR product§70).

Meanwhile, the cells were first transformed withe tipKD46 helper plasmid by
electroporation (see section 4.1.10.). Transformamre selected at 30 °C on agar plates
containing 100 pg/ml ampicillin. Of these transfamts, electrocompetent cells were

prepared from 50 ml LB cultures supplemented wittp&illin and 3 ml of an 0.1 M
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arabinose solution to induce the Red recombinagbehelper plasmid. 40 ul competent
cells were transformed with 5 pl of the linear Plgd&yment by electroporation. After the
addition of 1 ml LB medium to the cuvette, cellsrevéncubated for 2 h at 30 °C with
aeration. In contrast to normal electroporatior, thltures were then taken out of the
incubator and left standing on the bench top owgitrat room temperature. In the next
morning, cells were spun down, resuspended in 3A@pmedium and distributed onto
three agar plates supplemented with the appropaiaibiotic (Cm or Km, respectively).
Transformants with confirmed allelic exchange walgo re-streaked onto ampicillin-
containing agar plates at 37 °C to confirm losstleg temperature-sensitive helper
plasmid pKD46.

The antibiotic marker could be removed with thephafl the FLP recombinase (encoded
on plasmid pCP20), which mediates recombinatiomwéen the two FRT sites flanking
the antibiotic resistance cassette, thus leavirtgndea complete deletion of the open

reading frame.

Electroporation was performed as described in@eeti1l.10.2. Transformants were first
selected on ampicillin-containing agar plates at@Pand then re-streaked onto LB agar
plates with no antibiotic. These plates were intetbat 37 °C in order to induce the loss
of the second helper plasmid pCP20. The deletioamisi now could be used to

introduce a second or third mutation by startingwiole procedure from the beginning.
All mutations were confirmed by both PCR and Southe/bridization.

Table 7: Primers use for gene deletions and control

matA red direct stop CCCGGTGAGTCATTTTTAAAACTAACTTGCCTGG
AGTTTAGTGTAGGCTGGAGCTGCTTC

matA red reverse start AGAAACTGAATGTACCTGTAAAAATTACAGGTT
TGGAAAGTAGTGCATATGAATATCCTCCTTA

matA south left TAATTTCCATTTCCCGGTCA

matA south right CCCCATGACGCCTACTTCTA

matA apec start wanner left CTGAATGTACCTGTAAAAATTACAGGTTTGGAAAGTAGTGG
TGTAGGCTGGAGCTGCTTC

matA apec start wanner right CCCGGTGAGTCATTTTTAAAACTAACTTGCCTGGAGTTTAA
TGGGAATTAGCCATGGTCC

Primer vérif matA right CTGTTCACATATTGACACTC

Primer verif matA left GAGTTGAATTGAGGACATGA
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Table 7: Primers use for gene deletions and contrelcontinued

matB apec start wanner left

GACTTCATGTCCTCAATTCAACTCGGGAAGAAAAGCAAT
TGTGTAGGCTGGAGCTGC

GAT

matB verif left

GGCCACTGTCGGTACTGTTT

matB verif right

CGCTGGACTGAGTCGTGATA

matB apec stop wanner right

AAAGCAGGGGGGTACCCCTGCTGGTACATCAGAGAGAT
GGAATTAGCCATGGTCC

TAATG

yedU direct wanner start

ATAGTGACTACCCTAACTAAGCAACAATAAGGAATACACTATGG

TGTAGGCTGGAGCTGCTTC

Wanner yedU reverse

GCGATTGATTATGCGCTTACATTCAAACGTAACAGGGAT
GGAATTAGCCATGGTCC

TAATG

yedU verif left

TAGCGGCCAGCTCAGTCGCA

yedU verif right

CTGCGATTGATTATGCGCTT

cadA lambda red left

AAGGGAAGTGGCAAGCCACTTCCCTTGTACGAGCTAATTAGTG

TAGGCTGGAGCTGCTTC

cadA lamda red right AAAGTATTTTCCGAGGCTCCTCCTTTCATTTTGTCCCATGATGG
GAATTAGCCATGGTCC

cadA verif left GTGGCAAGCCACTTCCCTTG

cadA verif right CGGTGAACTGACCGGTATCG

4.1.14 Southern Blot analysis

For Southern blot analysis, 10 pg chromosomal DNskewestricted with an appropriate

endonuclease resulting in 1 to 5-kb DNA fragmentth ihe target gene. The DNA

fragments were separated by horizontal gel elebtigsis (see section 4.1.7.), denatured
in a 0.5 M NaOH, 1.5 M NacCl solution for 30 min Wwishaking, and neutralized in a
neutralization solution (0.5 M Tris-HCI, pH 7.5;5M NaCl). Meanwhile, a nylon

membrane (Nytran Super Charge; pore size 0.45 pohleisher & Schuell, Dassel,

Germany) of appropriate size was shortly pre-intedban dHO and then soaked for 10

min in 20x SSC. Capillary blot was done overnightransfer the DNA from the gel to

the membrane.

After the DNA transfer, the nylon membrane was bated for 1 min in 0.4 N NaOH and

1 min in 0.25 M Tris-HCI, pH 7.5 for neutralizatiohe membrane was then shortly
dried and the DNA was crosslinkd to the membranexposure to UV light.

Probe labelling (ECI™ Kit, Amersham Biosciences)
For labelling of DNA probes, the EGY-Kit (enhanced chemoluminescence) was used.
The binding of a DNA probe to the complementaryusege on the nylon membrane was

detected by chemoluminescence. Positively chargedehadish peroxidase molecules
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were mixed with the negatively charged DNA probeddifion of glutaraldehyd
covalently linked the horseradish peroxidase maéscwith the DNA probes. Reduction
of H,O, by the peroxidase requires the oxidation of lurhimbich results in light

emission, which can be detected by suitable lightsgive films, e.g. the Hyperfilm ECL.

For labeling of the probe, 100 ng DNA per ml hybradion buffer in a final volume of
10 pl in dHO were denatured for 10 min at 90 °C and cooled5amin on ice.
Subsequently, 10 ul labelling reagent and 10 ptagiddehyd were added. The mixture

was incubated for 10 min at 37 °C and then addeldedybridization reaction.

Hybridization and detection of the membrane

Hybridization of the membrane was carried out onght at 42 °C in hybridization
solution (10-15 ml), after the nylon membrane wase-ipcubated at 42 °C in the
hybridization solution for 1 h. The next day, thembrane was washed twice for 20 min
at 55 °C with wash solution | and two times forrhith at RT with wash solution II. The
membrane was placed on Whatman paper to removeeghef the wash solution, and
then incubated for 5 min in 5-10 ml detection solutl and detection solution Il
provided with the kit and mixed immediately (1:Bftwre addition to the membrane. The
membrane was superficially dried on Whatman papdrpacked in saran wrap avoiding
air bubbles on the top surface of the membranenm@heninescence was detected by
exposure of the membrane to Hyperfilm ECL. The sxpe time depended on the signal
intensity.

Wash solution I 0.5x SSC; 0.4 % (w/v) SDS

Wash solution 2 2x SSC

4.1.15 Sequence analysis

The nucleotide sequences of mutagenized chromosgenak or plasmid constructs were
determined using fluorescent dye terminators (AlB8rp BigDye terminator kit, Applied
Biosystems). The sequencing-PCR mix for one sampke

30 ng PCR product (or: 0.5 pg plasmid DNA)
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1.5 pl 10 pM primer
2 ul 5 x buffer (kit component)
2 pl premix (kit component) ad 10 ul ABLL&

The thermal profile for the PCR reaction was: 4@ley of denaturation at 96 °C for
30 sec, annealing at 60 °C for 15 sec, and extension at 60 °C for 4, fatlowed by
final extension at 60 °C for 2 min. Sequencing picid were purified by ethanol

precipitation (see section 4.1.3.) and analyzesd ABI prism sequencer (Perkin Elmer).

4.2 Manipulation of RNA

4.2.1 Isolation of RNA

10 ml LB cultures were grown to mid-log phase, icean optical density at 600 nm of
0.5-0.6. 2 mL of culture was mixed with 4 mL of RNRrotect Reagent (Qiagen),
vortexed, and centrifuged at room temperature, 60g0for 10 min to pellet cells. The
supernatant was removed and cell pellets store8DatC for 1 week or less before RNA
extraction.

RNA isolation was carried out as directed in th&AGQEN RNeasy Mini protocol with the
modifications that cell pellets were resuspendedTi buffer containing lysozyme
(400pug/ml). To remove traces of chromosomal DNA, 60 oigltRNA was treated with
55 U RNase-free DNase | (Roche Diagnostics GmbHyrilaim, Germany) for 2 h at
37 °C. The RNA was purified using the RNeasy Mimeg™ clean-up protocol as
recommended by the manufacturer (Qiagen). The tguafi the isolated RNA was
analyzed by agarose gel electrophoresis and useBibanalyzer 2100 (Agilent Techn.,
Palo Alto, CA, USA). RNA concentrations were detgrad spectrophotometrically and
all samples were stored at -80 °C. As a controlstarcessful removal of all DNA from
the samples, 2 ul of the DNase treated RNA or DA as positive control were used as
template in a PCR reaction with primers bindinghimtthe coding sequence of gene
fimH. The DNase digest was considered as complete graduct could be amplified

from the RNA samples.
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4.2.2 Northern hybridization

For Northern blotting, RNA was separated by demagurelectrophoresis. A 1.2 %
agarose/formaldehyde gel was prepared by mixin§ 3§.9garose and 96 ml DEPC-
treated HO. The agarose was dissolved by heating in a maveywmixed well, and

cooled to 60 °C. In a fume hood, 11.05 ml of 37 &4rfaldehyde, and 13.3 ml freshly
prepared 10x MOPS buffer were added, mixed well podred into the gel casting

device.

10-20 pg DNase-treated RNA in a final volume of [dlOwere mixed with an equal
volume of 2x RNA loading buffer and denatured at65or 15 min. The RNA samples
were then loaded onto the formaldehyde gel andratgghin 1 x MOPS running buffer at
4 V/cm electrode distance for 4-5 hours, until Btemophenol blue dye had migrated
three-quarters of the way down the gel. After etgaitoresis was completed, the gel was
stained with ethidium bromide and photographecetmrd the electrophoretic separation
of the loaded RNA.

RNA was transferred to a nylon membrane by ovetridgghtting as described earlier for
Southern hybridization (see section 4.1.14.), witimor modifications: RNA transfer
does not need depurinization, and the compositidgheodenaturation- and neutralization
buffers differed slightly. The nylon membrane wasepared for hybridization as

described for Southern hybridization analysis.

DNA probes were amplified by PCR, followed by EGIb&ling, and hybridization to the
membrane over night at 42 °C. After washing wid<0SSC/0.1 % SDS, transcripts were
detected using the ECL advance nucleic acid detedtit (Amersham Biosciences)

following the manufacturer's recommendations.
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4.2.3 Determination of the transcription starting p oint.

To determine the transcription starting point métA the 5-RACE kit from Roche
Applied Science (Cat. No. 03 353 621 001, Germavgs used. This method is used to
extend partial cDNA clones by amplifying the 5' weqces of the corresponding
MRNAs. During PCR, the thermostable DNA polymerasdirected to the appropriate
target RNA by a single primer derived from the oegof known sequence; the second
primer required for PCR is complementary to a ganferature of the target - in the case
of 5-RACE, to a homopolymeric tail added (via tevat transferase) to the 3'-termini of
cDNAs transcribed from a preparation of mRNA. Teysthetic tail provides a primer-
binding site upstream of the unknown 5'-sequendhetarget mMRNA. The products of
the amplification reaction are cloned into a plaswector for sequencing and subsequent
manipulation.

We followed the manufacturer’s protocol, with skighodifications. 2 pg of RNA were

used in each experiment. The primers used areeiitdble 8.

Table 8: Primers used for the 5-RACE method.

Name Sequence (5-3’)

SP1 CGCCGATGGGTATACACTG
SpP2 CCGCAATCAATACGACCTG
SP3 GTAGGCGTCATGGGGAGACC
SP4 CGGAAGTAAATAAGATACG

The Dap polymerase (Roche) was used for the n&I&d

Prior to subcloning, the PCR products were cutfierh an agarose gel and purified on a
column (Quiagen PCR purification kit).

The primer SP4 was used to get only the seconddrigmional start point product of
strain IHE3034 by PCR.

4.2.4 cDNA synthesis and hybridizations

For cDNA synthesis, the Superscript Il reversengmaiption kit (Invitrogen) was used.

RNA was transcribed into cDNA and concomitantly oflescence labeled by the
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incorporation of Cy3 and Cy5 (GE Healthcare, AmarshBiosciences, Freiburg,
Germany).

10 pg of total RNA in a final volume of 15 pl warexed with 1 pg of random hexamer
primers (Amersham Biosciences). This annealing isiitxeated for 10 minutes at 70 °C,
then cooled down to room temperature for 5 min.

The composition of the RT-mix for 1 sample was:

Reaction mix:

5x first strand buffer* 8 pl

0.1x DTT* 4 pl

RNaseOut 1 pl

Nucleotide mastermix 4 pl

Cy3- or Cy5-dUTP (1 mM) 4 ul
SuperScript I TM (200 U/ul) 2 pl

Annealing mix 15 pl

Total volume 38 pl

* first strand buffer and DTT is included with phase of Superscript 11l

The reaction mix is incubated at 50 °C for 30 nAifter a brief centrifugation, 2 pl of
SuperScript Ill TM is added again and the mix isuiated for additional 30 min at 50
°C. The reaction is stopped by incubated 15 mifOatC. To hydrolyze the RNA, 10 pl
NaOH (1 M) is added and the mix incubated at 63¢tA5 min. Afterwards the reaction
is cooled down to room temperature. To neutrazeul Tris-HCI (1M, pH 7.5) has to
be added.

Uncoupled dye was removed by another purficatioimgugshe PCR cleanup Kkit.

Concentration of cDNA and amount of incorporateé @yas measured for each sample

using a Nanodrop spectrophotometer (Ambion).
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4.2.5 DNA microarray hybridization and analysis

Transcription profiling was performed using teeiTRACER E. colK-12-patho chip
(Scienion AG, Berlin, Germany) which comprises 3BMIR products derived from 3840
genes from the databasemfcoli K-12 strain MG1655 (acc-nr: NC_000913). The PCR
products designed by the Scienion bioinformatigsad@enent cover 87 % of the realized
ORFs. Additionally, 370 PCR products from variowgmes of pathogeni€. coli are
also present on the chip. All PCR products weresalved in spotting solution and
spotted robotically onto modified glass slides. f#igments were purified, normalized
and they are represented in single spots on eaak. &ultiple controls were spotted in
the last row of each subarray block forming thetamnarea and comprised controls
enabling spiking and endogenous controls.

The sciTRACER E. colK-12-patho chip represents a custom tailored raicey and
contains oligonucleotide probes that cover the detapgenome oE. coli K-12 strain

MG1655 and several genomeskofcoli variants pathogenic for humans and birds.

Microarrays were hybridized with the fluorescenakdled probes for 2 days at 49 °C in
total darkness, and afterwards washed accordinthgomanufacturer’'s protocol. The
microarrays were scanned using the GenePix4000Boariay reader (GE Healthcare).
Data were linearly normalized with EMMA2.0 softwdi#). Genes were considered to
be up-regulated when RNA level was found to beeased at least twofold in the wild
type in comparison to theutant. Genes were regarded to be negatively atfeahen
the RNA level was at least twofold higher. Datalgsia was repeated on at least 4
independent microarray experiments for each canditested, with dye-switch. The
normalization was done under the function LOWESIse $tatistical significance or p-
value for the genes for the data was p <0.05, usitgest with the Holm function (the
Bonferroni function gave appreciatively the sameults). In total, 11 independent
microarrays were evaluated and the mean for eaufjlesigene was calculated. The
Hierarchical Clustering is done using the EMMA2.6ftware too (defaults: mean,

euclidian, p=0.01).
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In case of the Operon chips used for the transmriptanalysis between IHE3034 and its
isogenicmatA mutant, the protocol furnished by the manufactuves followed, with
slide modification. The labelling was performed elilpreviously explained, with a
guantification of the dye integration and normdi@ma between each probes. The
hybridization was done at 42 °C and for 20H00. Foulependent experiments were
performed. In this case, data were linearly norpealiwith Acuity 4.0 software. Genes
were considered to be up-regulated when RNA lead found to be increased at least
twofold in the wild type in comparison to thautant. Genes were regarded to be
negatively affected when the RNA level was at leastfold higher. Data analysis was
repeated on 4 independent microarray experimemtedoh condition tested, with dye-
switch. The normalization was done under the famctLOWESS. The statistical
significance or p-value for the genes for the da#s p <0.05, using a t-test with the

Holm function (the Bonferroni function gave appegniely the same results).

4.2.6 Real-time RT-PCR

To confirm the results of the microarray analy#ie relative expression levels of genes
were validated by real-time PCR. In brief, the Dé&ldsggested RNA was transformed into
cDNA using the iScript cDNA synthesis kit (Biora@llowing the manufacturer’s
protocol. The transcription profiling was carriedt wsing the iCycler iQ real-time PCR
detection system (Bio-Rad Laboratories GmbH, Mingh@&ermany), according to the
manufacturer’s instructions. Appropriate dilutioaries for each of the primers were
made and one tenth of the synthesized cDNA togetitérthe iQ supermix (Bio-Rad)

for the real-time PCR. The nucleotide sequencesmgloyed primers are listed in Table.

Table 9: Primers for real-time RT- PCR

Name Sequence (5'-3")

flnD left rt CTCCGAGTTGCTGAAACACA
flhD right rt GTGGCTGTCAAAACGGAAGT
cadA left rt GAATTCCAGCACGCTACCAT
cadA right rt ACCGCTCATACCGCATTTAC

matA left rt GAGTACAGCTTGGCCTCTGC
matA right rt CGCTGGACTGAGTCGTGATA
matB left rt CCGCTGATGATGGAGAAAGT
matB right rt CGCCTTATCACCAACACCTT
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Table 9: Primers for real-time RT- PCR — continued

matC left rt TCAAACCAGACAATGCGGTA
matC right rt CGCCTCATCAATATCCGTCT
matD left rt TGTCGAGTTTGTTCGCTGAC
matD right rt CAGCAAATAGGTGGGGTGAT
matE left rt CCGAGGTTCACCATCTGTTT
matE right rt CTCAGCAACACCTCAATCCA
matF left rt TAGCACTGATGGCAATACGG
matF right rt AAGTCAGCGCTTCAGGAGAG
fliC RT left TTGATGAAATTGACCGCGTA
fliC RT right CGTTGCAGCTTTGTTGGTAA
fliA RT left AGCGTGGAACTTGACGATC
fliA RT right CTATTGCCTGTGCCACTTCA
cheZ RT left CGCAGGATTTTCAGGATCT
cheZ RT right CCTGATCCTGACTGGCTACC
cheY RT left GCGTAACCTGCTGAAAGAGC
cheY RT right CGCTTCTGCAGTCACCATTA
frr left for real time pcr GGCAAGCGTAACGGTAGAAG
frr right for real time pcr CTTGTTCTGCTTCACCACGA
cysW left ACTGCTGACGCTACTGGACA
cysW right GACACGTCACGAAGATGGTG
cysK left AAGCTGCTGAAAGCGTTAGG
cysK right CAACCTGACCGTCGGTATCT
aer left AGAAAATGTTGCCCATCAGG
aer right AGCGTCTCACTGCCATTTCT
tar left CGGGTGAAGTGCGTAATCTT
tar right GATGCAATCTCGCCCATAAT
pyrl left TTGGTCTGAACCTGCCTTCT
pyrl right CAGACCAGCACATTGTCGAT
hdeA left TGCTTCTTCTGCCAGTTGTG
hdeA right ACGGTTGCAATACCCTGAAC
hdeB left GCCAATGAATCCGCTAAAGA
hdeB right CAAATTTTTCTGCGGGTTTT
ginB left ACTGGCCGAAGTCGGTATTA
gniB right GCCGTGCGAATAATGGTATC
hdhA left ATTTTCGCCGTGCTTATGAA
hdhA right CCAGGTCAAACGCCATATTT
motA left TTTCCTCGGCATTTTATTGG
motA right GCACATGCTCTTCCAGTTCA
yedU left TGCAGCAATCTTTGTTCCTG
yedU right CCAATCTCTGGCGTTTGTTT

4.2.7 Semi-quantitative reverse-transcription PCR ( RT-PCR)

cDNA samples derived from reverse transcriptionen@dx diluted in water and directly
used for PCR amplification. As a control for DNA ntaminations, a second PCR
reaction was performed using total RNA without aeyerse transcription reaction. DNA

served as positive control for the PCR reaction. d&hustment of cDNA amounts, 16 S
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rRNA (rrsA) was used as internal standard using 35 cyclasnplification. The RT-PCR
primers were selected with the FastPCR softwarsiomer3.6.28 (Ruslan Kalendar,
Institute for Biotechnology, University of HelsinkFinland). The sequences of all

oligonucleotides used are listed in Table 10.

Tablel0: Primer use for the RT-PCR experiments.

Name Sequenqe’-3)
matA-B left CCTCGATAGCCACGTCAAAT
matA-B right CGCTGGACTGAGTCGTGATA

matA-C left (use in pair| GCGTCGCATTTCCTGTATTT
with matA-B right)

matDE left GCTTTCGTATGGGTGACGTT
matDE right TTACCGTCTCCGGTCGTATC
matEF left CACCTGATCGAAGGACCATT
matEF right AACGTCACCCATACGAAAGC
matAD left ACCAATCCCGTACAGTGAGC
matAD right CGCTGGACTGAGTCGTGATA

For the PCR reaction, Rebhq polymerase ready mix (Sigma) was used (see section
4.1.5.). The 2x concentrated mix contained all sgggy components for PCR, thereby
minimizing pipetting errors. 10 pul of the ready mwere mixed with 4.6 pl water and
0.2 pl of each 100 pM RT primer. This mixture whsrt added to the adjusted cDNA in

a final volume of 5 pl and placed into the thermaler.

Thermal profile: Initial denaturation 2 min, 95 °C
1. Denaturation 30 sec, 95 °C
2. Annealing 30 sec, 57-59 °C 25-35 cycles
3. Elongation 30 sec, 72 °C
Final elongation 2 min, 72 °C

Since the PCR ready mix already contained a loadymgfor gelelectrophoresis, 10 ul of
the PCR samples were directly loaded on a 2 % agagel and analyzed after ethidium
bromide staining. To keep the PCR amplificatioraifinear range, i.e. to prevent over-

saturation of the PCR products, the cycle numbangplification was altered, whereas
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the template amount was always kept constant. Tineeps used are listed in the table
10.

4.3. Working with Protein

4.3.1 Denaturing polyacrylamide gel electrophoresis (PAGE)

Protein samples were separated and analyzed intudierga polyacrylamide gels as
described by Laemmli (1970). This was done usirgdétergent sodium dodecylsulfate
(SDS), which binds to proteins and leaves them Idetb and negatively charged.
Therefore, the protein mixture can be separatetienmeshwork of the polyacrylamide
gel due to variable migration speed depending ensthe of the protein. Since most of
the proteins of interest in this study were abobtkDa in size, a 15 % resolution
polyacrylamide gel was used. The size of the geés W0 x 10 x 0.5 cm, and
electrophoresis was performed at room temperaturel@ mA per gel in 1x
electrophoresis buffer. The samples were loaded thr& gel after heating for 10 min at
90 °C in 1x loading buffer.

The acrylamide gel consists of two parts: a lowart pnediating the separation of the
proteins, and an upper part, which is used for eotration of the sample in a single

running front after entering the gel. The mixtunéisient for 4 mini gels was:

15 % separation gel: 15 ml 30 % acrylamyde: bis-acrylamide (37.5:1)
5ml 1.5 M Tris-HCI, pH 8.8
10 ml dHO
300 pl 10 % (w/v) SDS
250 pl 10 % (w/v) ammonium persulfate (APS)
8 pl TEMED

5 % collecting gel: 1.96 ml 30 % acrylamyde: bis-acrylamide (37.5:1)
2.8 ml 0.5 M Tris-HCI, pH 6.8
4.6 ml dHO
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112 pl 10 % (w/v) SDS
32 ul 10 % (w/v) APS
16 ul TEMED

10 x running buffer: 30 g Tris
144 g glycine
10 g solid SDS
ad11dHO

4 x SDS-loading buffer: 2.5 ml 1 M Tris-HCI, pH 6.8
4 ml 50 % (v/v) glycerol
0.8 g solid SDS
0.1 ml B-mercaptoethanol
0.02 g bromophenol blue
ad 10 ml dHO

4.3.2 Visualization of proteins in acrylamide gels by Coomassie

staining

After electrophoresis, the polyacrylamide gels wiamibated for 15 min in Coomassie
staining solution. Protein bands were visualizadrakmoving unbound Coomassie dye
by incubating the gel in destaining solution | 8@ min, followed by incubation in

destaining solution Il for > 2h.

Staining solution: 1 g Coomassie Brilliant Blue R-250
0.25 g Coomassie Brilliant Blue G-250
238 ml ethanol

50 ml acetic acid

ad 500 ml dHO
Destaining solution I: 10 % (v/v) acetic acid; 50 % (v/v) ethanol
Destaining solution 11 7.5 % (v/v) acetic acid; 5 % (v/v) ethanol
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4.3.3 Immunoblotting

For the preparation of crude cell extracts, 80®adterial culture were centrifuged for
2 min at 13,000 rpm in a table top centrifuge dmelellet was resuspended in % vol of
the measured optical density of the culture in Agramli buffer (e.g. 250 pl for a sample
with ODggonm = 1). After heating the samples for 10 min at @) 15 pl were used for
PAGE (see section 4.3.1.). After PAGE, separateoteprs were transferred to a
nitrocellulose membrane (Optitran BA-S85 Reinforc®C; pore size 0.45 pm;
Schleicher&Schuell). The transfer of the proteirasvearried out between two graphite
plates in a semi-dry western blotting apparatusygu$2 Whatman paper slices, soaked
with Anode buffer I, Il or Cathode buffer. The merabe was incubated for 5 min in
Anode buffer Il. The lower graphite plate (anod&swnoistened with water and covered
with 6 slices of Whatman paper soaked with Anod#ebu, followed by 3 slices of
Whatman papers soaked with Anode buffer Il. Theonéllulose membrane was laid on
top of the Whatman papers, followed by the polylenyde gel and 3 slices of Whatman
paper soaked in Cathode buffer. Air bubbles werefally removed before laying the
second graphite plate at the top (cathode). Thesfiea was carried out by applying an

electric current of 0.8 mA cifor 1 h.

Anode buffer I: 0.3 M Tris, 20 % methanol
Anode bulffer II: 25 mM Tris, 20 % methanol
Cathode buffer: 25 mM Tris, 40 mMg-amino-n-capronic acid, 20 % methanol

After transfer of the proteins, the membrane waslated over night at 4 °C (or 1 h at
room temperature) in TBS-T solution (0.05 M Tris4HGH 7.5; 0.15 M NaCl; 0.1 %

Tween 20) supplemented with 5 % fat-free dry miBubsequently, the blot was
incubated with the primary antibody for 1 h at rotemperature. The concentration of
the primary antibody depended on the titre, butdigtion usually ranged from 1:1000
to 1:5000 in TBS-T supplemented with 5 % dry m#iiter washing the membrane with
TBS-T three times for 5 min, the secondary percédeonjugated antibody (1:5000
diluted in TBS-T) was added and incubated for 1t moam temperature. Finally, the

membrane was washed three times for 10 min with-TBf room temperature. Signal

-80 -



4. Methods

detection using the ECL kit (Amersham Bioscienaes$ performed as described before
(see section 4.1.14.).

4.4. Phenotypic assays

4.4.1 Detection of aerobactin expression

For aerobactin media plates, 1 ml of an overnigiftuce (YT, Tc) of the indicatdE. coli
strain EN99 was mixed with 100 ml aerobactin sgtirg0.75 %(w/v), see section 3.3.1)
medium, pre-cooled to 42 °C. A thin layer (0.5 moh)the mixture was poured on the
surface of the aerobactin plates. The bacteriainsito be tested were grown overnight in
1 ml LB medium. Sterile susceptibility discs (Oxpidere soaked with cells of the
overnight culture and were placed on the aerobgtétes and incubated overnight at 37
°C. Aerobactin production was assessed by the pcesef growth zones of the iron-

deficient indicator strain EN99 around the coloroéthe tested strains.

4.4.2 Detection of type 1 fimbriae expression

Overnight cultures of the strains to be testedaral positive E. colistrain Nissle 1917)
and of a negativey, colistrain AAEC189) control were grown. The mannoseetelent
yeast agglutination assay was carried out by mixiGgul of the different bacterial
overnight cultures with 10 pl yeast cells-suspamgio mg/mlSaccharomyces cerevisiae
cells diluted in 0.9 % (w/v) NaCl, with or witho@t % (w/v) mannose) on microscope
slides (75:25:1 mm). The slides were kept on icel time aggregation of bacterial and

yeast cells was observed in absence of mannose.

4.4.3 Detection of F1C fimbriae expression

Overnight cultures of the strains to be testedaral positive E. colistrain Nissle 1917)

and of a negative H coli strain AAEC189) control were grown. For the
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immunoagglutination assay a polyclonatF1C fimbriae rabbit antibody was used
(provided by S. Kahn, Wuerzburg), that was dilutddlO00 in 1x PBS. The
immunoagglutination assay was carried out by mixi@gul of the bacterial overnight
culture with 10 pl of the-F1C fimbriae antibody solution on microscope side5:25:1
mm) and incubation on ice until the aggregationtlué bacterial cells was clearly
observed.

1x PBS

NaCl 8g

KCI0.2 g

NaoHPO, 1.4 g

K.HP(,0.24 g

NaOH add to pH 7.4

dH,0 to a final volume of 1000 ml

4.4.4 Detection of S fimbriae expression

Overnight cultures of the strains to be testedafral positive E. coli strain Nissle 1917)
and of a negative H, coli strain AAEC189) control were grown. For the
immunoagglutination assay a polyclonab fimbriae rabbit antibody was used (provided
by S. Kahn, Wuerzburg), that was diluted 1:100QPBS. The immunoagglutination
assay was carried out by mixing 10 ul of the baatewvernight culture with 10 pl of the
o-F1C fimbriae antibody solution on microscope sid@5:25:1mm) and incubation on

ice until the aggregation of the bacterial cellswbearly observed.

4.4.5 Biofilm formation experiments

Bacterial strains were grown overnight at 37 °@B1 Overnight cultures were diluted
(1:200) with fresh LB or M63 medium. 160ul of the2D0 bacterial dilution was added
in wells of a 96-well microtiter plate (Flexible &, U-Bottom, Lid for flexible plate,
Falcon). Sterilization of the 96-well microtitergpé and lid by exposure to UV light for
20 min before use. The cells were grown at 20 °G7fC without agitation. After 24H
(37 °C) or 48H (20 °C), the supernatant of theibiofvas completely discarded and the
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biofilm washed twice with 1x PBS. Finally, the biof was dried at 60 °C, each well
stained with 160pul of the 0.1% Kristal Violet sadut (in water) for 10 min and washed
at least 2 times with 1x PBS. The absorbed Kristalet is eluted with 180ul of
acetone/EtOH (1/5 v/v). The biofilm is measure®&ks.

4.5 In silico analysis

For standard sequence comparison and similaritsclses, the Basic Local Alignment

SearchTool (BLAST) at the National Center for Bateology Information Homepage

was used.

For alignments of nucleotide and amino acid segeritie BioEdit sequence alignment
editor V7.0.1 was used (129). Genome comparison pesformed using the Artemis

Comparison Tool (ACT) Release 4 of the Sangertlristi

4.6 Statistical analyse

Statistical analyses were performed using the P4ifi software package (GraphPad

Software). The statistical significance or p-valaethe data was p <0.05.
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5. Results

5.1 Analysis of zoonotic risk between human and aam EXPEC

EXPEC may cause different diseases in humans aimdaBnthus bearing a
zoonotic risk. Assuming that host specificity isedto (i) specific genes required for
metabolism or pathogenicity, (ii) allelic variatioh genes coding for proteins interacting
with the host and (iii) the ability to sense thesthand specifically regulate virulence gene
expression, our aim was to find out whether ther@ host specificity of human and avian
EXPEC strains.

As specific virulence factors that trigger the otfen of either humans or poultry
could not be identified yet, we investigated whettiéferential regulation of virulence
gene expression may be responsible for host spiggittf APEC and human ExXPEC
strains. A thorough analysis of factors that cdntie to the host specificity (human vs.
poultry) of EXPEC strains was therefore importanétaluate the zoonotic risk emerging
from these bacteria. In this context, the diffeeebetween the human and the avian body
temperature (37°C and 41-42°C, respectively) camiportant. One focus of this study
was therefore the transcriptome analysis of a huarah an avian EXPEC isolate of

serotype O18:K1 in response to different growthgeratures by means of DNA arrays.

The aim of these experiments was the identificatibgenes that are specifically
transcribed either in response to the body temperaif humans (37 °C) and avians (41-
42 °C) or depending on the strain background. Sys#ly, differential regulations of
promising candidate genes identified by the gldibahscriptome analysis were then

confirmed by additional approaches.
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5. Results

strains

The COLIRISK project members characterised ninedmu and avian EXPEC

strains that have been compiled for the COLIRISKist collection.In Table 11 the

preliminary results performed by the COLISK pargnfar this approach are summarised.

According to these results, a clear correlatiorwben the presence of EXPEC-specific

virulence-associated genes and human or aviamarayild not be identified.

Table 11: Genotypic characterisation of the human ad avian EXPEC isolates of the COLIRISK
strain collection.

RS218 | IHE3034 | BEN79 BEN374 IHE3072 | BEN2908 | 1772 | 285 789 (AC/I)

Human | Human Avian Avian Human Avian Avian | Human | Avian

018:K1 | O18:K1 | O18:K1:H7 | O18:K1:H7 | O2:K1:H5 | 02:K1:H7 | 02:K1 | O78 078
hly + - - - - - - - -
cnfl + - + - - - - - +
cdt - + + + - - - - -
pap + - - - + - - - -
sfa + sfall + + + - - - fac
fim + + + + + + + + +
ybn + + + + + + + + +
iro + + + + + + + + +
iut + + + + + + + + +
cvaC - - + + + + - + -
traT + + + + + + - - -
kps K1 K1 K1 K1 K1 Il K1 Il -
ibeA + + + + - + + - -
fig + + + + + + + + +
fimH + + + + + + + + +
matB + + + + + + + + +
CSgA + + + + + + + + +
csgb + + + + + + + + +
sfaH + + + + - - - - ¥
sfaS + + + + - - - - -
focG + + + + - - - - -
focH + + + + - - - - I
papGll - - - - + - - - -
papGilil + - - - - - - - -

The presence or absence of different fimbrial atihgenes was investigated by

PCR assays (Table 11). All strains tested carred determinants coding for type |

fimbriae fim) as well as for curlidgsg and Mat fimbriaerga). The O2:K1 strains were
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negative for both, the S- and F1C-fimbrial genestdu Strain 789 was PCR-positive for
the adhesin gendscH andsfaH but negative for the accessory gessSandfocG. This
is due to the fact that this strain carries thénlyiqjomologoudac gene cluster which is

also a member of the S adhesin family.
Furthermore, phenotypic tests have been perforimeest the COLIRISK strains

for production ofa-hemolysin, the iron-uptake system aerobactin, t§peand F1C

fimbriae, and for their motility (Table 12).

Table 12: Phenotypic characterisation of the COLIRBK strains.

Strain Origin Serotype Type | F1C S P Colici  flg

fimbriae  fimbriae fimbriae fimbriae ns

RS218 hu 018:K1 + + + + - +
IHE3034 hu 018:K1 + + sfall + + - +
BEN79 av 018:K1:H7 + + - + + +
BEN374 av 018:K1:H7 + + + + +
IHE3072 hu 02:K1:H5 + + + + +
BEN2908 av 02:K1:H7 + + + + +
1772 av 02:K1 - - + - +
285 hu 078 + + - + + -
789 (AC/1) av 078 - fac + -

+: expressed; -: not expressed. K1: serotype afudepll: Group Il capsular polysaccharides.

To complete this analysis, the expression of thiesleriae (when the genes were
present) was compared in the strains isolated flammans or poultry. Polyclonal
antibodies specific for these fimbriae were usedptform agglutination assays.
Furthermore, the expression of other virulence-@aged traits such as the siderophore
aerobactin, curli fimbriae, and cellulose formatiwas tested in order to see differences
in gene expression between the different straiabl€l12). For this, all the strains were
inoculated on specific agar plates (CAS plate, ©@oRgd plate, aerobactin plates) and
incubated at different temperatures, includinghibean and avian body temperature, but
also 20 °C and 30 °C.
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Figure 13: Analysis of rdar morphotype and cellulos expressionFigure A depicts the rdar (red dry and
rough) morphotype, i.e. the simultaneous expressfarurli and cellulose on Congo Red agar platésr af
48 h of growth). Figure B indicates cellulose exgsien on calcofluor agar plates after 48 h of ghowIhe

E. coli strain ECN expresses at 30 °C and 37 °C the $edcadlar morphotype on congo red agar plates
(370) which is characterized by red colored colsnigith a dry colony surface and strong cell-cell
interactions. This morphotype is considered to be © co-expression of curli fimbriae and celluloke
comparison, the uropathogertic coli strain 536 expresses the rdar morphotype onlp &C3 TheE. coli
K-12 MG1655 is our negative control for celluloselaxpresses curli at 30 °C.

The results (see Figure 13) suggested there wadear correlation between the
strain origin and rdar morphotype expression. Qetkel biosynthesis is known to play a
significant role in biofilm formation, but does nabntribute to the virulence of
Salmonella enteritidig307). Curli fimbriae are predominantly expresgeduman and
avian isolates between 20 °C and 37 °C. Cellulogaression was not frequently

observed, and its expression was higher at 30 &€ @hlower or higher temperatures.

5.1.2 Detection of allelic variation of genes of th e EXPEC patho-gene
pool.

Host specificity may not only result from the pnese or absence of certain
virulence-associated genes or their strain-specégulation. Differences in receptor

recognition due to amino acid variation within tdhesin molecule may also contribute
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to variation of the receptor binding ability (alkelvariation, pathoadaptive mutations).
The following fimbrial determinants (genes) of Ex®Btrains were studied with regard
to allelic variation: type 1 fimbriae (FimH), P fbnae (Pap/PrfG), S adhesin family
(SfaS/H and FocG/H), curli fimbriae (CsgA/D) ancetMat fimbriae (MatA/B). The
amino acid sequences of these fimbrial subunit®e H@en deduced from the relevant
nucleotide sequences that were determined for thmbars of the COLIRISK strain
collection. The amino acid sequences obtained werapared to the corresponding
sequences oE. coli K-12 strain MG1655. For FimH, the adhesin of typémbriae,
sequence variations have been observed at posiM2rs—A, S62-A, G66—C,
N70-S, S78>N and G159-S. These amino acids changes have been identtied t
confer shifts in receptor specificity (295) andwinulence (145). The sequence variation
at position 62 is especially important for adhesess of meningitis-associatéd coli to
collagen (261) and for binding of mono-mannosedwss thus playing a role for
extraintestinal infections. This amino acid excleamgs only detected in the two human
018:K1 isolates, but not in any other human or mvgblate of the COLIRISK strain
collection (see Figure 14). It can be speculateat the S62>A exchange may be
involved in host specificity of human O18:K1 is@sat The other amino acid exchanges

detected could not be correlated with the sourdsadétion or the serotype of the strains.

62 66 70 78

MG1655 TQIFCHNDYPETITDYVTLORGIAY 5GVLENFSGTVKYSGEEPTTSETPRVVYNSRT
IHE3034 TQIFCHNDYPETITDYVTLQR YGGVLSSFSGTVKYNGSS-PTTSETPRVVYNSR
RS218 TQIFCHNDYPETITDYVTLQRGRARAYCGVLGGSGTVKYNGSSYPFPTTSETPRVVYNS
BEN79 TQIFCHNDYPETITDYVTLQRGBRYCGCVLSS5FSGTVEYNGSBFPTTSETPRVVYNSR
BEN2908 TQIFCHNDYPETITDYVTLQRGSAYC GV _GSFSGTVHYNEGBEPTTSETPRVVYNSR
BEN374 TQIFCHNDYPETITDYVTLQR YGEVLESFSGTVKYNGFFPTTSETPRVVYNSR
IHE3072 TQIFCHN DYPETITDYVTLQ AY GG\ LSNFSGTVKYSGSSYPFPTTSETPRYRVIY
789  TQIFCHNDYPETITDYVTLORGSAYGCVLSMESGTVKYSGSSPFPTTSETPRVVYNSR
285 TQIFCHNDYPETITDYVTLQRGSAYGCGVLSNESGTVKYSGSSPFPTTSETPRVVYNSRT

Figure 14: Amino acid sequence variations of FimH among. coli strains of the COLIRISK strain
collection compared toE. coli K-12 strain MG1655. The substitutions are boxed.

The allelic variation proteins encoded by the cddierminant is interesting, too.
The level of sequence variation observed was \@wih the case of the regulator protein
CsgD (S109A) but higher for the curli adhesin C4gA&1A; N110D; E112T). Further

studies are required to analyse the impact of thlskc variations on the function of the
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encoded proteins. However, no correlation coulfolbed in regards of the host, serotype

and certain alteration with this amount of straieaked.

MG1655 [BRLVVTPLGSLAFQYAE
RS218 SKLVVTPLGSLAFQYAE
BEN79 SKLVVTPLGSLAFQYAE

BEN374 AQAADVTAQAVATWSATAKKDT[RKLVVTPLGSLAFQYAE

IHE3034 [ISKLVVTPLGSLAFQYAE
IHE3072 [SKLVVTPLGSLAFQYAE
BEN2908 IBKLVVTPLGSLAFQYAE
789 SKLVVTPLGSLAFQYAE
285 SKLVVTPLGSLAFQYAE

1772 VLAIALVTVFTGMGVAQAADVTAQAVATWSATAKKDTT [SKLVVTPLGSLAFQYAE

53 5¢ 93
MG1655 GIKGFNSQKGLFDVAIEGDSTATAFKLTSRLITNTLTQLDTSGLNVGVDYN VEKT
RS218 GIKGFNSQKGLFDVAIEGDSTATAFKLTSRLITNTLTQLDTSSTLNVGVDYNGATVEKT
BEN79 GIKGFNSQKGLFDVAIEGDSTATAFKLTSRLITNTLTQLDTSSTLNVGVDYNGATVEKT
DSTATAFKLTSRLITNTLTQLDTSSLNVGVDYNGATVEKT
IHE3034 GIKGFNSQKGLFDVAIEGDSTATAFKLTSRLITNTLTQLDTSTFLNVGVDYN VEKT
“GDSTATAFKLTSRLITNTLTQLDTSSTLNVGVDYN VEKT
BEN2908 GIKGFNSQKGLFDVA EGDSTATAFKLTSRLITNTLTQLDTSB®.NVGVDYN VEKT
789 GIKGFNSQKGLFDVATESDSTATAFKLTSRLITNTLTQLDTSGSTLNVGVDYN VEKT
285 GIKGFNSQKGLFDVAIEGD$TATAFKLTSRLITNTLTQLDTSGSTLNVGVDYN VEKT
1772 GIKGFNSQKGLFDVAIEGDSTATAFKLTSRLITNTLTQLDTSGSTLNVGVDYN VEKT

Figure 15: Amino acid sequence variations of MatB among. coli strains of the COLIRISK strain
collection compared toE. coli K-12. The substitution positions are box@R1R; 153T; G55S; A93T.
Mutation in the N-terminal signal: T-6M).

Amino acid sequence alterations (see Figure 153 h&so been detected for MatB
(S21-R, I153—T, G55-S, A93-T). MatB exhibits a high amount of mutations which
may also contribute to variation of the receptondoig ability (allelic variation or
pathoadaptive mutations). But the receptor of NMabfiae is not yet identified to answer
this question. Nevertheless, no correlation cdaddound so far with regard to the host
or its serotype.

5.1.3 Biofilm formation on polyethylene

Biofilm formation is, as well as invasion, consieléra potential cause of recurrent
and chronic infections enabling the bacteria ty stéhin the body and to escape the
host’s immune system and antibiotic therapy.

The COLIRISK strains were tested for their abitiyform biofilm on inert plastic

surfaces. A colorimetric quantification of biofilformation (M63B1 medium, 37 °C) in
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polyethylene microtiter plates has been carried(Bigt. 16). The strains differed in their
ability to form biofilm on polyethylene. There wagither a clear correlation between

human and aviaR. coliisolates nor between certain serotypes and bidGhmation.
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Figure 16: Colorimetric determination of biofilm formation (M63B1 medium, 37 °C) in polyethylene
microtiter plates.

5.1.4 Motility tests

Furthermore, motility tests have been performedct@en the COLIRISK strains

for expression of flagella and for their motilitfgble 13 and Figure 17).

Table 13: Motility of the COLIRISK strains.

Strain Origin  Serotype Motility

RS218 hu 018:K1 +
IHE3034 hu 018:K1 ++
BEN79 av 018:K1:H7 ++
BEN374 av 018:K1:H7 ++
IHE3072 hu 02:K1:H5 +
BEN2908 av 02:K1:H7 ++
1772 av 02:K1 ++
285 hu 078 -

789 (AC/l) av  O78 -

The tests have been performed at 37 °C and 41 °C.

According to these results, a clear correlationveen the motility of the different

EXPEC strains and human or avian origin does nist.dkis nevertheless interesting that
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motility and/or flagella expression of both O78agts was impaired. Genome sequences
of these two strains indicate the integrity andcfionality of the flagella gene clusters

(Eliora Ron, personal communication).

536 HB101 RS218 |HE3034

789 1772 285

Figure 17: Motility of the COLIRISK strains. Soft agar plates (LB, 0.3% agar) were incubatedl at
°C, for 12 h. UPEC strain 536 was used as a pesitbntrol.E. coli strain HB10AfliA served as a
negative control.

5.1.5 Transcriptome comparison of human and avian E =~ XPEC isolates
following in vitro cultivation

In order to assess whether human and avian O1&#ates generally differ in
gene expression and to screen for factors that div@gt host specificity (infection of
man or birds) the influence of growth temperatundranscription profiles of human and
avian O18:K1 strains was analysed. These studies Ibeen carried out with the strains
IHE3034 (human origin) and BEN374 (avian originpttthave been grown at 37 °C
(human body temperature) and 41 °C (avian body ¢eatpre). For transcriptome
comparison, DNA micorarrays were used for compatitnybridisation with cy3- and
cy5-labelled cDNA from total RNA extracts. Theséial experiments revealed that gene

expression in these strains differs at 37 °C antiCi([Table 14).
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Table 14: Influence of human or avian body temperaitre on the transcriptome ofE. coli strain

IHE3034 and BEN374.

Repressed genes at 41 °C in
IHE3034 and BEN374
(70 candidates genes)

Genes induced in strain
IHE3034 at 41 °C
(30 candidates genes)

Genes induced at 41 °C in strain
BEN374
(30 candidates genes)

fli operon flagellar biosynthesis
genes

flg operon component of flagellar
motor complex

Chemotaxis geneslieA,cheB
fliz, tar, cheZ aer, motB..)

b1409 ynbButative
phosphatidate
cytidyltransferase
nanA N-acetylneuraminate lyasg
b0805  putative outer membrane
receptor for iron transport
nlp transcriptional regulator

codB cytosine transporter

b1498 putative sulfatase

yedU heat shock protein Hsp31

b1171 hypothetical protein

hdhA  7-u-hydroxysteroid
dehydrogenase

yfeA  predicted diguanylate
cyclase

yggB  mechanosensitive ion
channel

pyrl aspartate
carbamoyltransferase

pyrL  Pyr operon leader peptide

purK  N5-carboxyaminoimidazole
ribonucleotide synthase

b1497 putative enzyme

napD undefined role in the post-

translational assembly of
a functiona NapAl

ORF55 Putative transposase

hdeB acid resistance protein
yedU heat shock protein Hsp31
yggB mechanosensitive ion

channel

CdtA, B, C cytolethal distending toxin

subunits
cadA subunit of lysine
decarboxylase
marA multiple antibiotic

resistance protein

cysA,D,J,H, K, W, I, N:
sulfate and thiosulfate

transport

hdeA HdeA dimer, inactive form
of acid-resistance protein,
possible chaperone

glnB Protein PII plays a critical

role in the regulation of
nitrogen metabolism

Genes with significantly induced transcript levels 41 °C relative to 37 °C were determined by
competitive DNA array hybridization. The genes prased in Table 14 have an expression rafiand a
p-value< 0.05. The data are representative of a least drempnts for each strain with dye-switch.

The hierarchical cluster analysis of the globahnscription profiles of human
018:K1 isolate IHE3034 and avian O18:K1 strain BEBI3dicated that the two strains

exhibit only a few differences in their transcrgotiprofiles (figure 18). The results of the

transcriptome analysis in response to avian andahubody temperature (41 °C vs. 37

°C) revealed a common gene set which was repregstd°C including the flagellar and

chemotaxis operon in both strains. The majority geines induced at the higher
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temperature differ between the human and aviaratsel Their contribution to host
specificity needs to be further analysed.

-

PR s

Figure 18: Cluster analysis of the transcriptome cmparison of E. coli strains IHE3034 and BEN374 at
37 °C vs. 41 °C.The column 1 represent the avian strain BEN3gitlaa column 2 represent the human strain

IHE3034. The hierarchical clustering was performéti the EMMA2.0 software, (defaults: mean, eudidi
p=0.01).

Some genes were specifically up or down regulatethe two strains. About the
specific up regulated genes in BEN374 (see Tabledl ®najority of the encoded protein
are involved in metabolismk#&tE, betB deoA deoC galT). The genedetl and araC
code for regulatory proteins. Genes coding for eored proteins with unknown function
were present, toob(0833 and ybil). Transcript levels of genes coding for the acid
resistance proteimsyB(332) and the starvation protestp involved in acid resistance
(331) were upregulated, too.
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Table 15: Most up-regulated genes in APEC strain BE374 at 41 °C versus 37 °C §0.05)

5. Results

Probe designation SignificanceTest13381 mean | M1 sd
:P Dataset p value | (log2)

ykgE 0.00543993 1.269749240.35086892
araC 0.0047973 1.549559910.40986838
betl 6.58E-05 1.2593329(10.07818977
cysJ 0.00888352 2.59508298).85196114
cysH 0.04874303 1.711335781.06435617
hdeB 0.00432877 1.04748358).26736674
cysD 0.00638976 3.685384561.07727588
CysA 0.01873467 2.185914240.93977641
ykgF 0.00752802 1.07172367.33184566
katE 0.00050232 1.02019865.12517021]
cysK 0.00885973 2.15558396).70700166
cysW 0.02311901 1.37360156).63866395
cysl 0.01922881 2.874635721.2478343
cysN 0.02931913 1.841162170.93684437
ybil 0.02354102 1.178874440.55186429
slp 0.00089129 1.160612940.17275505
msyB 0.00078219 1.08581853).15465298
deoA 0.00096356 1.28919879.19701739
cdtB 0.00034247 1.30049663).14029228
ME_EO 28Corf8 1 | 0.00034578 1.23028144.13314663
ME _EO _28Corf7 1 | 0.00071355 1.21381028.16760954
cdtC 0.00048255 1.271211310.15387641
deoC 0.00061479 1.321098170.17349344
cdtA 0.00141583 1.18962525.20710662
ME_EO 28Corf9 1 | 0.00059416 1.15523521.14997762
betB 0.00036858 1.256413740.13892192
galT 0.00185744 1.198444040.22881511
b0833 0.00212187 1.01613398).20301395

sd, standard deviation

Around twelve genes were specifically down-reguateE. coli BEN374 at 41 °C (see
Table 16). This group of genes codes for conseaveldpredicted proteins (YhcH, b1773,
b1760, b1742). Another genmap was strongly down-regulated in BEN374. Tiap
gene encoding a methionine aminopeptidase is éaként growth inE. coli (55). The
csgC was down regulated, but in contrast to the cuednescsgAB it has its own
promoter (EcoCyc; http://biocyc.org/) and its ineation doesn’t affect curli production
(130). The other repressed gengdbU, malE, yhcl, ycgQ code for proteins involved in
different metabolism pathways.
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Table 16: Most down-regulated genes in APEC straiBEN374 at 41 °C versus 37 °C 0.05)

41

Probe designation SignificanceTest1535|:F1 mean M1 sd
Dataset: p value (log2)

map 0.00016849 -1.015143520.08633757,
ydbU 0.00083735 -1.334761070.19453245
tap 0.00166095 -1.19696049.21999943
yhcl 0.04411655 -1.758154171.05019683
yhcH 0.03507661 -1.693803260.92384214
b1773 0.00511914 -1.19631243).32365422
malE 0.01985466 -1.33125959.58478154
cheW 0.00022486 -1.68610959.15795702
b1742 0.00270855 -1.132939050.24605796
cheR 0.00080308 -1.2037265 0.172978
ycgC 0.00849791 -1.043750950.33731571
b1760 0.00107619 -1.152134190.18277749

sd, standard deviation

IHE3034 possesses specific genes which are up wn degulated. Only a few genes
were specifically up-regulated in Human ExPEC stiBiE3034 at 41 °C (see Table 17).

Table 17: Most up-regulated genes of human EXPECrstin IHE3034 at 41 °C versus 37 °C (g 0.05)

Probe SignificanceTest1535 :P M1 mean M1 sd
designation | Dataset: p value

codB 0.01173818 1.40769138).71622353
b1498 0.00608196 1.555517940.65611535
b1171 0.00402307 1.203813410.45301183
yfeA 0.00065681 1.1317387 0.26347573
yggB 0.00097419 1.1158415%).28780917
pyrl 0.01987001 1.469927070.87545328
pyrL 0.04121575 1.481487881.11604763
purkK 0.03273331 1.09608159.76463036
b1497 0.0034056 1.275014490.45852511
napD 0.00089112 1.18312757.29815342

sd, standard deviation

Transcription of two genes involved in transpaadB yggB was affected. This

group of genes also included some genes involvesdlfiate such as a putative sulfatase

gene 01498 and a gene coding for a predicted anaerobic tagskamaturation enzyme,
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predicted DNA-binding transcriptional regulator 874 These two genes may belong to

the same transcriptional unit (data frotp://biocyc.org).

The specificically down-regulated genes in strétE3034 (see Table 18)

included genes involved in motility and chemotaxi$i®, fliF were specifically down-
regulated in IHE3034 and absent among the downlaegligenes of BEN374.

Table 18: Most down-regulated genes in human ExPE6&train IHE3034 at 41 °C versus 37 °C (®

0.05)
Probe designation| SignificanceTest1535 [M1 mean M1 sd

Dataset:p value
fes 0.00386284563881326 -1.15266614029998  0.42897784585
b1966 0.0011976961046789 -1.31821748074826  0.358886783269
fepA 0.00343193512200591 -1.37306500084017  0.494819591%4
b1409 0.00129111920298342 -1.0197049508122 0.283144222498
fliQ 7.18424993379995e-06| -1.29324159066566 0.09583369303
argT 0.0211219508414274 -1.17853621945433  0.715252592945
nanT 0.0236263762774541 -1.22940835681496  0.772616128902
fliF 0.000883922212047538 -1.20917012525715 0.3040729554
oppD 0.00592653412209246 -1.01352954923035  0.424429385096
ompC 0.000771816420381955 -1.60642288303423 0.3899656934
iIvE 0.0193207355291711 -1.00771834469349 0.595034783537
yhaO 3.19243761481044e-05| -1.06051894981428 0.1143379223
yeeY 0.0195227757218422 -1.14631235312373  0.679032483378
proX 0.00523348380164017 -1.16043885611988  0.46944922852
CStA 0.0321119873115126 -1.20179779833286  0.833139508311
b0805 0.00123427396838618 -1.55897805360676  0.42779728926
b2862 0.00647610328459191 -1.02491540129356  0.43996643242
yjiY 0.0378351616725445 -1.50185173943065 1.099186387588
tSX 0.020406266348883 -1.00639965516503  0.6043181393501
CSpA 0.0250851851670845 -1.33665228715835 0.855997014867
cSpE 0.0417738493782889 -1.0758194098531 0.8141629812964
ilvC 0.00317505182314715 -1.00371315378675 0.35416943490
IHE3034_1CDS | 0.0379643428356921 -1.05514668224678  0.773131160390
8900
dgoA 0.0259397558264108 -1.4510698966484 0.9391745598401
b2809 0.00783762772373267 -1.51349240492987  0.68559274330
fliy 0.00340502298195746 -1.15196255182291  0.414253035933
yagU 0.0462922159546442 -1.01675962204753  0.797116129299

sd, standard deviation
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The fact that these genes have not been detexted teregulated in the avian
strain may be only due to the difference of quahtgxperiments and thus in statistics in
case of human strain IHE3034. Additionally, somé¢hese genes may be absent from the
genome of strain BEN374 and could thus not be tedeaipon transcriptome
comparison. A significant amount of genes involuetransport were specifically down-
regulated fepA argT, nanT, oppD, ompGC yhaQ proX, cstA tsX. Putative transporter or
receptor were down-regulated, tdzl966 b0805. ThecspAandcspEgenes coding for
regulator and the predicted regulat@eY were down regulated in this strain. Other
genes are part of different metabolism pathwéss i(vE, ilvC dgoA. Their involvement
in pathogenicity at 37 °C or 41°C should be analygagU, an inner membrane protein

that contributes to acid resistance was down-régdla

A difference in some genes specifically affectethie human and avian strain has
been observed. These genes code for regulatonstatiye regulators and predominantly
for transporters and/or membrane receptors. Whethese differences, in gene
expression, are due to pathotype-specific reguylatesponses in the human or avian
strain background, respectively or whether theultdsom their individual backgrounds,

remains to be investigated.

5.1.6 Confirmation of microarray data by real-time RT-PCR

To confirm the microarray data, the transcripelesf interesting candidate genes
of each strain was quantified by real-time RT-PCiee( figure 19). The reduced
transcription of selected genes representativeoaiponents of the flagellar apparatus
and chemotaxis, i.eheY cheZ aer, tar, fliA andfliC at 41 °C was confirmed by real-
time RT-PCR. This response to temperature elevasowell known (2, 201). Other
genes of interest were analysed as well. A¢ieA (or yedU gene which encodes the heat
shock protein YedU (or Hsp31) was the only heatklgene found to be induced upon
temperature increase from 37 °C to 41 °C in the dwmand the avian strain. Tipgrl
gene was upregulated, too, under this conditiothénhuman strain only. In case of the

avian strain BEN374hdeA and hdeB which play a role in acid resistance, were
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upregulated 8- and 10-fold, respectively. The gea@A was up-regulated only in the

avian strain at 41 °C.
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Figure 19: Validation of a set of temperature-reguited genes ink. coli IHE3034 A) and E. coli
BEN374 B) by qRT-PCR.To confirm the microarray-based transcriptome fiatdHE3034 and BEN374,
both strains were grown in LB medium at 37 °C aad'@, respectively. Bacteria were harvested for RNA
preparation at OF, 0.6. Transcript levels of the indicated genes vegrantified by gRT-PCR using equal
quantities of RNA samples. The data was normalizgdg rRNAfrr, as a reference, and graphed as the
ratio of transcript levels at 37 °C vs 41 °C. Eadlue is representative of at least three different
experiments with a p value < 0.05.
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All flagella genes are down-regulated at 41 °Cné&%ecoding for factors involved
in chemotaxis signalingaér, tar, cheY, che were downregulated by factor 14, 50, 33,
and 14, respectively. No difference in transcrgyels could be seen f6hDC, indicating
that the de-regulation of the flagella and chemistgenes was independent of the FIhDC
master regulator. Th#iA andfliC genes which are directly under the control of the

FIhDC complex were downregulated by factor 16 addréspectively.

To assess if these genes are involved in virulgnasgvo competition assays were
performed in 3-5 weeks old chickens (P. Germon,AN¥Youzilly). The wild type strain
BEN374 and its isogenic mutant were used for imd@cdf chickens by inoculation of the
airsac. Under this condition, differences in vinde between the wild type BEN374 and

the mutant BEN374hchAcould not be observed.

Furthermore, the expression of additional candidgnes was analyzed by real-
time RT-PCR in other APEC strains grown at 37 °@ 4f °C. Serotype O2:K1 isolates
of human (IHE3072) or avian (BEN2908) origins weh®sen. In order to determine if
the overexpression of the cystein opeoysADJHKWN in E. coli BEN374 was strain-
specific or pathotype-specifigysW and cysK transcript levels were investigated in

human isolate IHE3034 (see Figure 20).
10°

101

cysK cyswW

relative expression

Figure 20: Relative quantification of thecyskK and cysW transcript levels in IHE3034 at 41 °C versus
37 °C.Bacteria were harvested for RNA preparation atdgdD.6. Transcript levels of the indicated genes
were quantified by gRT-PCR using equal quantitieRA samples. The data was normalized using RNA
of frr as a reference, and graphed as the ratio of tiphdevels at 37 °C vs 41 °C. Each value is
representative of at least three different expemisaiith a p value < 0.05.

The cysW transcript levels differed not significantly at 3 and 41 °C,
respectively. Based on the results obtained fosdhe/o strains, we can see that there is
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no difference of expression in the EXPEC strairevabThe results obtained in BEN374

seem to be strain-specific and not linked to tharaer human origin.

Similarly, expression of theadA gene was studied. Yet, as in the avian 018:K1
isolate BEN374, theadA gene was found to be inducedEn coli strains IHE3072 and
BEN2908 at 37 °C relative to 41 °C as well. Howeveone applies a cut off-factor of 2,
the expression level in the human isolate IHE30&3 at the limit of this cut off. In
contrast, inE. coli BEN2908,cadAwas overexpressed at least 10-fold, five timesemor

than in the human ExPEC strain.

To assess if this difference in increasadA transcription was strain-specific or
not, cadAtranscript levels were tested in other ExXPEC i$raif human and avian origin
by real-time RT-PCR. Of the six strains tested r@epnting one human and one
corresponding avian isolate of three different sgres), all of them exhibited an

increasedtadAtranscript level at 41 °C relative to 37 °C (Figa1).

10°m

102

10'=

Relative expression

1

10°= T ¥
cadA BEN2908 cadA IHE3072 cadA AC/l cadABEN374 cadAIHE3034 cadA 285

Figure 21: Analysis ofcadA expression in avian and human EXPEC isolates at 3€ vs. 42 °C Strains
were grown in LB medium at 37 °C and 41 °C, redpebt. Bacteria were harvested for RNA preparation
at OD5p0 0.6. Transcript levels of the indicated genes vggr@ntified by qRT-PCR using equal quantities of
RNA samples. The data was normalized usingithas a reference, and graphed as the ratio of niphsc
levels at 37 °C vs 41 °C. Each value is represieetaf three different experiments with a p value.es.
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With one exception (avian O78 isolate AC/1), theoant ofcadAtranscripts was
always higher in avian isolates compared to humasins. Whether this increased
induction of cadA transcription upon at 41 °C is biologically relatiarequires further

investigation.

0.1
IhdeA 789 hdeA 285 hdeA hdeA hdeA
IHE3034 BEN2908 IHE3072

hdeB 789 hdeB 285 hdeB hdeB hdeB
IHE3034 BEN2908 IHE3072

Relative expression

Figure 22: Analysis ofhdeA and hdeB expression in avian and human ExXPEC isolates at 3T vs. 42
°C. Strains were grown in LB medium at 37 °C and @] respectively. Bacteria were harvested for RNA
preparation at OR=0.6. Transcript levels of the indicated genes vegrantified by qRT-PCR using equal
quantities of RNA samples. The data was normaliasidg thefrr gene transcript as a reference, and
graphed as the ratio of transcript levels at 3A48Cl1 °C. Each value is representative of threfemdint
experiments. The * represents data with a p valQes.

The hdeAandhdeBtranscript levels were also checked in IHE3034 tdutheir
role in acid resistance, despite their absence gntbe list of up-regulated genes
identified by the microarray hybridizations (seepapdix) due to its role for acid
resistance. Surprisingly, theleAandhdeBgenes were also up-regulated in IHE3034 at
41 °C. A significant upregulation ¢fdeAtranscript levels in BEN374 upon growth at 41
°C could not be significantly confirmed by real-anRT PCR in all avian APEC (see
Figure 22).
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5.2: Analysis of Mat fimbriae expression in newborn
meningitis E. coli isolate IHE3034

5.2.1 MatA expression and in silico promotor studies

To analyse the molecular mechanism of serotypeHspezxpression of Mat
fimbriae which are only expressed in O18:K1 strah20 °C in LB medium, regulation
of matAexpression was studied. TheatA gene codes for a regulatory protein which is
required for expression ahatB Northern blot analysis ofmatA transcripts was not
successful so far. The extremely low amountmaitA transcripts may account for these
difficulties. Alternatively, first attempts to quly matAtranscript levels by Real-Time
RT-PCR indicated that transcript levels are higaetow growth temperatures, which

confirms the phenotypic observation that Mat fimbrare produced at 20 °C.

The putative promoter region ofiatA in strain IHE3034 was also investigated
and compared with the corresponding DNA stretcK-aP strain MG1655. Although the
DNA sequence of thenatA upstream region of these strains is not identittaiee
different putative promoters which could direcatAtranscription could be detected by

in silico analysis (see figure 23).

A) <CEEBICAT;
1

N[>

2 d
3
1,2 kb

B)
<C KB KA
2 A a &
1 2 3

A Predicted promoter with Transcriptor Factor (TF) binding sites

Figure 23:In silico analysis ofmatA promoter with Bprom (softberry software) in A) MG1655 and B)
IHE3034. The putative promoters found in the CDSwHtAwere excluded from the figures. Putative TF
binding sites for each promoter in IHE3034:RpoS172- Fis, PhoB, RpoD17, Fis, Lex/A; RpoD16,
ArgR, ArcA; in MG1655:1- RpoD162- no such sites for this promot&érRpoD16, ArgR , ArcA.
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The putative promoters 1, 2 and 3 are highly simbltween the two strains, but
minor differences are present due to TF bindingssihucleotide sequences or position
(due to gaps between the promoters). Only the Ati0-385 signals of putative promoter 1
are identical between the MG1655 and IHE3034 srébut not at the same distance of
the CDS), but not for the putative TF binding sitesomoter 2 does not possess known

putative TF binding sites in case of strain MG1@5&. more details, see appendix.

A transcript covering the region between putativenmter 2 andnatA but not
between putative promoter 3 amdatA could be amplified by RT-PCR. ThaatA
promoter region of strain IHE3034 covering thmeatA gene and its upstream region
including putative promoters 1, 2 and 3 was sulediointo the high copy vector pGEM-

Teasy.

=k

Figure 24: Northern Blot analysis with a promoter 2specific probe and the followingkE. coli strains:
1: IHE3034-pGEMTmatA and intergenic region 20°C, 2: IHE3034-pGEMT 20°C3: IHE3034-
pGEMT matA and intergenic region 37°C, 4: IHE3034-pGEMT 37°C.
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Northern blot analysis allowed the detection ofledst three transcripts that
comprise at least a part of the upstream regioa Fsgure 24). The Northern blot also
confirmed that transcription @hatAand/or of this upstream region was stronger &0
than at 37°C.
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5.2.2 Transcriptional organisation of the = mat operon

Poutu et al. demonstrated thathatB and matC were co-transcribed, but they
couldn’t prove that this was also the case wii#tA A bioinformatical analysis did not
reveal marked transcription start points foatB in the upstream region or in timeatA
gene. In addition, previous studies to determire tiilanscriptional start ofmatB by
primer extension resulted in the sequences thatcengstream of thematA gene (data
not show). Northern blots with matA probe revealed a transcript of more than 2 kb in

size, which corresponds not only to the size ointla¢Agene.

In order to characterise the transcriptional orgation ofmat operon, RT-PCRs
were performed with RNA retrieved from bacterialltetes grown under conditions
when Mat fimbriae were expressed. After growth Birhedium at 20 °C, to an QB of
0.6, total RNA was isolated and purified to be unseeverse transcription. To determine
the transcription units of theat gene cluster, the coding sequence was subjected to
silico analyses and RT-PCRs were performed. The redsoiésned demonstrate that the
mat determinant is divided into two putative transtidpal units: the genesiatABCD
are located in the same reading frame, and alssm#tEF genes are located in another
reading frame. The results are summarised in Fighre

— matA _J[_matB || _matC || matD I matE_]| matE_ ——

Figure 25: Transcriptional organisation of the Mat fimbriae gene cluster ofE. coli strain IHE3034.
This scheme represents the results of RT-PCR arpats performed on thmat operon ofE. coli
IHE3034. No RT-PCR products could be amplified twmatD and matE The experiments were
performed with 1 or 2 pg of RNA extracted from dtute grown at 20 °C in LB medium and 220 rpm,
until it reached the mid-log growth phase.

The region betweematA to matD could be amplified from mRNA and the
amplified fragment size of the PCR products comespto the theoretical expected size
betweemtmatAandmatD i.e. including thematB andmatC sizes. It was the same for the
product betweematA andmatB matAandmatC and, finally, betweematE andmatF

These results confirm the silico analysis of thenatABCDEFDNA sequence.
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5.2.3 Analysis of matA transcription

To determine the transcription start pointn@ditA primer extension analysis was
performed. In view of the results (smear due toragation of themat transcripts), we
used another method to determine the transcrigtistaat, i.e. by 5-RACE. For this
purpose, RNA was extracted from strain IHE3034 gréavmid-log phase at 20 °C in LB

medium with agitation (220 rpm). The results arespnt and summarize in the figure 26.

Strain IHE3034

pl: 5 TTCCGATTTACTAAAGAAACTG 3

p2: 5 TAATCGAAAATAATTAAACTTAA 3
p3: 5 ...ACATTAAGACTATTCCTAACACC 3

e s B

plp2 p3
Strain MG1655

pl: 5 TTTGGAAAGTAGTGACATGGCA 3
p2: 5 TTCCGATTTACTAAAGAAACTG 3

p3: 5. AATCGAAAATAATTAAACTTAA Z

Figure 26: Transcriptional start point of matA in E. coli strains IHE3034 and MG1655. The
transcriptional starts detected in bdth,coli strains IHE3034 and MG1655 are indicated in b&gecific
transcriptional start points only detected in otrais are shown in black. These data result frorteast
three independent experiments for each strain.adbeistart positions of DNA sequence obtained ftioen
5’ RACE analysis are indicated by points.
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In strain IHE3034, three transcription start poimtsre detected in a region of
about 300 bp upstream wiatA Whereas the first and second start points coelddarly
identified, the exact start of the third one cowldt be unambiguously determined,

probably because of the instability of the extré&shend of the mRNA.

In K-12 strain MG1655, three transcription staring® exist as well, which are
relatively closely located to each other (in a oagof about 100 bp upstream o@atA).
Again, the first two start sites could be exactntified, but not the third one which
exhibited marked instability of its extreme 5’-erfithe second transcriptional start point
of matA was identical to the first one of strain IHE30Furthermore, the thiranatA
transcriptional start, although it could not be ekaidentified, was found to be almost
identical to the second transcriptional start pointhatAin strain IHE3034. The missing
5'-T in the 5’ matAtranscript end of strain MG1655 relativeEo coli IHE3034 may be
explained with less DNA sequences obtained wittbtHRACE in case of the K-12 strain
than forE. coli IHE3034.

5.2.4 Effect of H-NS on mat gene expression

This work was done in collaboration with T. LehBigcentre, University of
Helsinki). The strain IHE303nswas contructed by T. Lethi. To identify activattinat
could affect Mat fimbriae expression, Timo Lehtremned a Tn5 insertion library B
coli IHE3034 to find mutants which had lost temperatependent expression of Mat
fimbriae. Seven mutants were found in which thedpmson was inserted at the identical
site inhns All these mutants expressed Mat fimbriae at 37 (i@ike the wt IHE3034.
For complementation, thiens gene ofE. coli IHE3034 was cloned with its upstream

region into pBR322.

As H-NS represses several virulence functions iaduzy environmental signals
through action of specific activators and our hyesis is that MatA functions to induce
Mat fimbria expression repressed by H-NS. To undarsthe differential expression of
Mat fimbriae inE. coli IHE3034 and IHE3034nsas well as the mechanism by which
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MatA and H-NS regulate Mat fimbriae expression,quantified transcript levels of the
matgenes by real-time RT-PCR. Strains IHE3034 and3B8#hnswere grown at 20 °C
and 37 °C in LB medium to mid-log growth phase #r&lRNA was extracted. Real-time
RT-PCR analysis revealed that transcript levelalbthe genes of thenat determinant

were up-regulated in tHensmutant relative to the wild type (see Figure 27).
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Figure 27: Comparison of transcript levels of the dferent mat genes inE. coli IHE3034 hns relative
to its wild type strain at 20 °C and 37 °C.The real-time RT-PCR experiments were performeth&
strain IHE3034ns:Tn5 and wild type strain IHE3034, in LB medium undeaking conditions (220 rpm).
The figure A represents the relative expressiodi7atC, when Mat fimbriae are not expressed in wjfze
strain IHE3034. Figure B represents the resultaiobt at 20 °C, when Mat fimbriae are also expikgse
strain IHE3034. The data depicted represent thenmekies of at least three independent experimpnts,
0.05.

These data suggest that H-NS represses expredsMat dimbriae at 20 °C and
37 °C. At 20 °C, Mat fimbriae were strongly expegbsn strain IHE3034nsin the
presence ofmatA This was also observed at 37 °C. Obviously, Mabfia expression is
regulated byhnsindependently of the temperature-dependent meatawisich favours
Mat fimbriae production at low temperatures. It wascluded that at 20 °C MatA
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functions as an H-NS antagonist and at 37 °C coactte repression by an unknown
mechanism. H-NS represses gene expression by pingistream and/or downstream of

promoter regions hence hindering RNA polymerasetfan.

5.2.5 Transcriptome comparison of E. coli IHE3034 and its matA
mutant

Since studies on the MatA regulator and its po#dstiarget sites have not been
performed, a transcriptome analysis was conduceteden IHE3034 and its isogenic
mutant IHE3034matAH179P, which does not express Mat fimbriae. Thadcriptome
analysis allowed us to screen global transcripelevwn strain IHE3034 and itatA
mutant. The conditions under which the transcrigamnalysis were performed allowed
Mat fimbriae expression (growth in LB medium at°ZDin a shaking culture at 200 rpm
until the exponential phase has been reached)sdriational profiling was performed
using custom madE. coli microarrays (Operon). At least four independentrodarray
hybridizations for each condition tested were panfed, including a dye-switch. The
hybridization was carried out at 42 °C for 20 holitach experiment was performed with

RNA obtained from independent bacterial cultures.

All data (matA mutant vs. wild type) were therefore pooled, aftdrastatistical
analysis of the four independent experiments, dely genes were pertinently de-
regulated. These repressed genes belonged to e gaeron of thenat gene cluster
including matA, matB, mat@nd matD. Other genes with significant MatA-dependent
transcription could not be identified. MatA seenméyado be the transcriptional activator
of these four genes. We can see an autoreguldfect ef matA due to the fact the gene
is still expressed in the mutant but not able tadbon DNA. InterestinglymatE and

matF, which are on different transcripts, are not rated by MatA.
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Figure 28: Comparison of transcript levels of the differentmat genes andcysW in E. coli IHE matA-
H179P relative to its wild type strain at 20 °C and37 °C. The real-time RT-PCR experiments were
performed in LB medium, grown under shaking comdisi (220 rpm) until mid-log growth phase. The data
depicted represent the mean values of at least thdependent experimentsg®.05.

These data were confirmed by real-time RT-PCR exmts (see Figure 28) and
thus proved the role of MatA as an activator of Ve fimbriae expression, precisely on
matA matB matC and matD. But in case oftysW this gene appeared to be down-

regulated.

5.2.6 Sequence analysis of matA and matB

The gene cluster coding for Mat fimbriae is widdlgtributed among pathogenic
and non-pathogeni&. coli strains. To verify, if like in case of other finmlr
determinants, amino acid sequence variability maydetected in case of the putative
adhesin subunit of Mat fimbriae, the MatB prote@gsence was compared among the
strains of the COLIRISK strain collection. TheatBgene of the individual strains tested
displayed several variable nucleotide positiong @gpendix). When the deduced amino
acid sequences were compared (see Figure 29)c aliiation of this adhesin could be
observed. Unfortunately, in the absence of a kniawteraction partner of the MatB
protein, it is difficult to analyze the effect dfdse variations on the secondary structure

of MatB which may affect this protein’s receptoesficity.
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Figure 29: Amino acid sequence of the MatB proteirin the E. coli strains of the COLIRISK strain
collection. Allelic variations of the MatB protein in the diffentE. coli strains are boxed (S21R; I53T;
G55S; A93T,; S136T). The substitution positions laoged (S21R; 153T; G55S; A93T. Mutation in the N-
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terminal signal: T-6M).

The alignment of all MatB protein sequences frone t68OLIRISK strain

collection displays some variability in the aminocidasequence. Their effect on the

binding must be characterized in the future.

With regard to the specific conditions of Mat fimd® expression, thenatA
nucleotide sequence and the MatA protein sequerce also analyzed (see Figure 30).

In the entire protein sequence, seven amino acittians could be detected in this

regulatory protein.
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BEN374 MIWINDY SRDYEVKNHMVECONRSDKY1 WEPHDAYFYKGLSELI VDI DRLI YLSLEKI RKDFVFI Ny NTDSUTEFI NRDNE
1772 MIWINDY SRDYEVKNHVECONRSDKY1 WEPHDAYFYKGLSELI VDI DRLI YLSLEKI RKDFVFI Ny NTDSUTEEFI NRDNE
BEN2908 MIMNDY SRDYEVKNHMVECONRSDKY! WSPHDAYFYKGLSELI VDI DRLI YLSLEKI RKDFVFI NIYNTDSY TEEFI NRDNE
BEN79 MIMPNDY SRDYEVKNHMECONRSDKY1 WSPHDAYFYKGLSELI VDI DRLI YLSLEKI RKDFVFI NIYNTDSYTEFI NRDNE
285 MIWPSPY SRDYEVKNHMVECONRSDKY1 WEPHDAYFYKGLSELI VDI DRLI YLSLEKI RKDFVFI NI TDSYSEFI NRDNE
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BEN2908 LPKSI ARl ENCSVKTVYTHRRNAEAKL YSKL YKL
BEN79 LPKSI ARl ENCSVKTVYTHRRNAEAKL YSKL YKL
285 KSI ARI ENCSVKTVYTHRRNAEAKL YSKI YKL

BEN2932 (AC/1)
I HE3072
RS218

KSI ARI ENCSVKTVYTHRRNAEAKL YSKI YKL
KSI ARI ENCSVKTVYTHRRNAEAKL YSKL YKL
KSI ARI ENCSVKTVYTHRRNAEAKL YSKL YKL

Figure 30: Amino acid sequence of the MatA proteirin the E. coli strains of the COLIRISK strain
collection.

The protein MatA is encoded by the first gene efrttat determinant. The MatA
sequence comprises 196 amino acids, lacks a deteedmnal sequence, and contains
between the residues 125 to 195 a predicted halnielix DNA-binding motif similar
to the consensus pattern in the LuxR family of feiguy protein. Allelic variations
between the different isolates of the COLIRISK eolion (S5N, S67N, S72N, V128A)
and four amino acids exchanges in the helix-tulixHe@NA-binding motif (V128A ,
T146M, Q161L, Q196P) are boxed. The alignment of M&tA regulator protein
sequences from the COLIRISK strain collection digpl some variability in the amino
acid sequence. Their effect on the Mat fimbriaerezgon must be characterized in the

future.
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5.2.7 Biofilm formation

The ability of bacterial cells to bind to abiotierfaces, the surface of eukaryotic
cells, as well as to express specific extracellmatrix substances, can result in the
formation of multicellular bacterial communitiesigblm). One prerequisite for the
formation of biofilm is direct cell-to-cell interion which needs expression of definite
factors - fimbrial and non-fimbrial adhesins, sadegproteins, and extracellular matrix
polymers (314). The expression of type 1- and ¢umlbriae is known to contribute to the
ability of E. colito form biofilm, as well as cellulose biosynthediagella, colanic acid
and Ag43 expression (69, 102, 132, 284, 370). Wden or more of these factors are

expressed, bacteria tend to aggregate and formlegmpuilticellular communities.

For strain IHE3034, a strong biofilm formation cdube observed at low
temperature (less than 30 °C) in LB or minimal medi but not at 37 °C (see Figure 31).
As Mat fimbriae expression occurs under the sanmelitons under which biofilms are
formed, it has been investigated wether Mat fimdbrexpression may contribute to

biofilm formation.

Biofilm test
14
12 A
10 A
B\ Ctrl (medium)
E s W ABU38
S O 1HE3034 Rif
a O IHE3034 matA-H179R
O 69 B MG1655
B MG1655 AmatA

LB 20C M63 20T LB 37C M6337C

Figure 31: Mat fimbriae contribute to biofilm forma tion of E. coli strain IHE3034. Biofilm formation

was tested at 20 °C and 37 °C in LB and M63 medinmicrotiter plates. Strong biofilm formation
occurred at 20 °C due to the presence of Mat fiaebmE. coli IHE3034. ABU strain 38 was used as a
positive control, and a well only filled with mediuserved as a negative control. The data depicted
represent the mean values of at least three indepeexperiments, $0.05.

-112 -



5. Results

In order to identify whether Mat fimbriae were ifved in biofilm formation,
biofilm tests were performed in PVC 96-well platgs20 °C for 48 h in LB and M63
medium. At 37 °C, biofilm formation was measureteaf24 hours of growth. In this
experiment, we used the strain IHE3034, its isagemitant IHE3034natAH179P, the
mutant deleted formatBCDEF (IHE3034 4matBF which lacks the Mat fimbriae
structural genes and the corresponding complememigidnts. The data presented in
figure 32 clearly indicate a correlation betweea fiesence of the functionalat gene
cluster and biofilm formation. It was also demoatgd that only the Mat fimbrial
organelle is involved in the biofilm formation. Bhis one of the first biologically

relevant functions of this fimbrial type which cdude clearly defined.

Biofilm Test 20<C
OMG1655
18
W ABU38
16
14 OIHE3034 Rif
e 12
c OIHE3034 matA-H179P
S 10
B
O 87 B |HE3034 matA-H179P +
O 6 1 matA
4 OIHE3034 Rif AmatBF
2 W IHE3034 Rif AmatBF +
0 matBF
LB 20<C M63 20 C O Ctrl (medium)

Figure 32: Analysis of the impact of MatA and the Mt fimbriae on biofilm formation of E. coli
strain IHE3034. Biofilm test were performed at 20 °C in LB and 3M&edium. Strong biofilm formation
occurred at 20 °C in the presence of functional Ftabriae in IHE3034. The strain IHE3034matBF
expressed MatA but not the Mat fimbrial organ€ellee ABU strain 38 was used as a positive contrdlan
well only filled with medium served as a negativaiol. The data depicted represent the mean valiies
at least three independent experiments 0p05.
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5.2.8 Phenotypic Analysis of E. coli strain IHE3034 and its Mat
fimbriae mutant

The phenotypes of theatA mutant ofE. coli strain IHE3034 were tested by classical
physiological assays for typical virulence traifseatraintestinal pathogeni€. coli. In
case of type 1 fimbriadif), P-fimbriae and S-fimbriaesfg), their expression was not
affected in thematA mutant. This supported the microarray results.e©Otirulence
characteristics like haemolytic activity, or iroptake have been checked. These traits
were, if present, not affected i coli IHE3034 by the inactivation of MatA or affected

by growth temperature.

5.2.8.1 Motility and chemotaxis

Biofilm formation and motility are often linked anterdependent. Accordingly,
the expression of genes involved in motility anérobtaxis was analyzed by swimming
tests on LB agar plates at 20 °C. The strain IHE3&3d its isogenic mutant IHE3034
matAH179P were compared on their swimming abilitiesL@hagar plates with 0.3%
agar, that have been inoculated from another plateom overnight cultures adjusted to
the same OD (Figure 33 A). The complemented mutaate usually less motile than the
wild type. Comparable phenotypes have been obseavitedstrain BEN374 as well as its
mutants BEN374/matAand BEN374matB (Figure 33 C).

pe

J

Figure 33: Influence of Mat fimbriae expression ommotility of E. coli strain IHE3034 and its matA
mutant. The swimming ability was tested on 0.3 % agargdaRepresentative results from more than
three independent experiments are shown. A) Mptdtt strain IHE3034, its isogenic mutant IHE3034
matAH179P and the complemented mutant IHE3624AH179PmatA at 20 °C after 48 h of incubation.
B) Motility of strain IHE3034, its mutant IHE3034matBCDEF and the complemented IHE3034
AmatBCDEF/matBCDEFC) Motility of strain BEN374 which expresses Mambriae at a lower level
than IHE3034, its mutant BEN3Z#matAand BEN3744matB at 20 °C for 48 h.

A)!
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This reproducible experiment is a clear evidence do effect of thematA
expression on the strain’s motility. In the absentea functionalmatA motility was
markedly increased. The molecular reason for thenptype could not be characterized
so far by real-time PCR or microarray hybridizatidxccording to the available data,
matAis expressed under the experimental conditiond. A could also show that Mat
fimbriae were not expressed in K-12 strain MG16%®lar all conditions tested. But

whenmatAwas deleted, the same effect appeared in this stoa (Figure 34).

Figure 34: Influence of MatA on motility of E. coli strain MG1655. The motility tests were done on 0.3
% agar plates. Representative results from mora theee independent experiments are shown. The
motility of strain MG1655 and its mutant MG164fatAwas tested after 48 h of growth at 20 °C A) and
at 16 h of growth at 37 °C B).

Until now, it is unknown in which way the motilitg increased and how MatA may play

arole in its regulation.
To decipher why this difference was not detectabléhe gene expression level

from the microarrays data, real-time RT-PCR expents (see Figure 35) were

performed on genes involved in motility liKeA andfliC.
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10°= —_——

107+

Relative expression

fliA flic

Figure 35: Comparison of transcript levels of thefliA and fliC genes inE. coli IHE3034 matA-H179P
relative to its wild type strain at 20 °C. The real-time RT-PCR experiments were performed.Bn
medium, grown under shaking conditions (220 rpmjil umid-log growth phase. The data depicted
represent the mean values of at least three indepéexperiments (g 0.05).

The results indicated no significant differenceshiair expression and confirmed the fact
they didn’t appear to be de-regulated accordinp¢omicroarray experiments. Thus, this

motility increase has to rely on another mechanism.

5.2.8.2 Virulence effect in animal models.

The contribution of Mat fimbriae tan vivo virulence ofEscherichia coliwas
compared using aatA and amatBCDEFdeletion mutant of avian pathogeric coli
strain BEN374. The mutant and wild type strain wested in chickens by inoculation of
the airsac. This experiment was performed in colation with P. Germon (INRA,
Nouzilly). According to the results obtained, Manlbriae did not significantly affedh
vivo virulence of APEC strain BEN374.
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6. Discussion

6.1 The potential zoonotic risk of avian pathogeni&. coli

In this study, the role of temperature-dependeifiérdinces in gene expression of
E. colistrains that can cause systemic infection in hsnagard avians, i.e. human ExXPEC
and APEC isolates was explored. The aim was to @nsiae question whether host
specificity of human EXPEC and APEC exists andci$ tmay involve individual gene
expression patterns as these pathogenic variamfsemuently closely related and exhibit
very similar genotypes. These data should also dipfli to evaluate the potential
zoonotic risk between such avian and human exéstimal pathogeni&. coli isolates,

avian host may be a reservoir for human ExXPEC.

Since the body temperature is one of the importigfgrences between humans
(37 °C) and chickens (41 °C), this predominantdachay affect gene expression of the
colonizing bacteria. Our understanding should foounsthe differential expression of
genes coding for known or putative virulence amkefs-associated factors. Therefore, a
closer look at the genes present in human and ehidolates, but de-regulated at the
body temperature of their corresponding host, shbelp to determine their impact on
virulence or fithess under the two different growtnditions and indicate a potential

zoonotic risk.

6.1.1 Absence of a specific genotype for human and avian ExPEC

To decipher differences between human EXPEC andCARHot of studies have
been performed to compare a plethora of isolata® fiuman or avian sources with the
aim to find specific virulence factors, metabolipathways or structural features for one
or the other group of isolates (98, 99, 167, 285)2A correlation between the presence
of specific factors and the origin of isolates ebnbt be clearly identified so far. Ron and
co-workers showed a variable profile of virulencengs as well as the presence of

mobility related sequences, pointing to the existeof a “mix and match” combinatorial

-117 -



6. Discussion

system (220). With the fast development of genoamalyses, nucleotide sequences of
plasmids and genomes became available and, althooglalways published, did not
reveal a specific genotype for human ExPEC and ARESD). Another recent study
indicates, however, that highly virulent APEC vat@amay be distinguished from less
virulent isolates on the basis of certain genescllare frequently located on colicin
plasmids (161). Interestingly, comparison of an &PB2 isolate carrying a wild type
ColV plasmid with individual ColV plasmid mutantsat lack known ExPEC virulence-
associated genes suchiss tsh iutA, iroN, sitA andcvaB indicated that these mutants
were as virulent as the wild type thus suggestiag there may be other compensatory
virulence factors (301). As the distribution of wlence factors seems often to be
independent of their host, EXPEC strains from #maeshost type can have different sets
of virulence-related genes as well as isolates fadferent host types can share the same
virulence-related determinants. Because of this, selected strain pairs of relevant
serotypes, where one isolate was of human andttiee one of avian origin (Tab. 12).
Thus, these pairs of strains should guarantee dasigenetic background for each
serotype in order to exclude that the differendeseoved result from genomic differences
rather than from a different regulation of generespion at the transcriptional or post-
transcriptional level. The comparison of globahteriptional profiles extends the current
knowledge based on genotyping regarding the pa@sgibbnotic risk due to EXPEC of

human and avian origin.

6.1.2 Phenotypic differences between human EXPEC an d APEC

Based on the genotypic characterization of humaRBEE and APEC (Tab. 11
and 12), both groups could not be clearly distisgad. The different routes of infection
in humans and avians suggest that virulence facioased between human and avian

isolates may not be used in the same way.
Among these virulence factors, adhesins may belvadoat different stages of

the infection and in different sites of the body,(80, 186, 315). Three important types

of fimbriae, i.e. type 1 fimbriae, P-family adhesiand S-family adhesins have so far
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been described to be involved in EXPEC infectioariiy urinary tract infection, the role

of type 1-, P- and S-family adhesins has been w@eracterized (25, 62, 122, 218). In
case of avian infections, the presence and expressgithese fimbriae have been already
demonstrated (80, 259), but whether their role iamabrtance, e.g. in tissue tropism, is

different in avians and in humans has not yet lweampletely understood.

These fimbriae are factors contributing to the keénge potential of such strains,
but they are not necessarily sufficient to causease (219). | used different specific
antibodies raised against these adhesins to eeathair expression in the human and
avian EXPEC strains at different temperatures. filman ExXPEC and APEC strains
could not be differentiated based on the expressfdgpe 1, P- and S-family adhesins
(Tab. 12). In addition, expression of these fimbrare subjected to phase variation,
which quickly switches between the “on” and “offtate of expression under certain
conditionsin vitro (88, 105, 211, 224) and vivo (123, 303, 304, 363).

Curli are factors contributing to the virulence guaial of such strains, but they
are not necessarily sufficient to cause diseasign (113, 114) and human (242, 370).
Curli fimbriae are predominantly expressed in huraad avian isolates between 20 °C
and 37 °C. The human EXPEC and APEC strains caatlthen differentiated based on the

expression of curli between 37 °C and 41 °C.

Other virulence-associated factors like iron adgjois systems have been studied.
It is well known that EXPEC can usually expressertbian one iron uptake system. Until
now, up to six iron acquisition systems have beérarty identified (aerobactin,
enterobactin, yersiniabactin, salmochelin, a hemptake system and the SBglmonella
iron transport system)) (25, 83, 113, 116, 153, 284, 297) . Due to the importance of
iron in the organism and the difficulty to supplyffecient amounts of this essential
nutrient, EXPEC strains have developed multiplatstiies to capture Feions from
different source and under different conditions 1(27Nevertheless, the genotypic
analysis of human and avian EXPEC did not dispitigrént iron uptake capabilities that

could explain host specificity (Tab. 11). The iraoquisition systems are individually
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expressed in each strain and no correlation bettfeepresence of different siderophore
systems, their temperature-dependent expressiothargtrain origin could be seen. The
precise role of the host (avian or human) for esgign of individual iron acquisition

systems as well as the impact of differential iglore expression during infection on

host specificity could, however, not be addressdtiis thesis.

6.1.3 Different gene expression patterns between Hu  man and avian
018:K1 ExPEC isolates IHE3034 and BEN374

In this study, we concentrated on one of the migotors which may influence
the transcriptome of EXPEC in the human and avast: lthe different body temperature
of humans (37 °C) and avians (41 °C) may resutlifferent gene expression patterns of
human and avian isolates. Alternatively, EXPECis¢ranay not specifically respond to

the different growth temperature.

Only a few genes were induced at 41 °C in eaclnstedative to growth at 37 °C.
In this group, only 5 genes were commonly upregualan these two strains (Tab. 15 and
17). One promising candidate gene that could belwed in the virulence of EXPEC at
41 °C was thgredU (hchA gene. This gene codes for the protdsp31, a homodimeric
member of the Thil/DJ-1/Pfpl superfamily that comds molecular chaperone and
aminopeptidase activities. Interestingly, this gemas the only heat shock protein
overexpressed at 41 °C in both strains. The hygahbat this chaperone may maintain
the correct tertiary structure of proteins exprdss¢ the avian body temperature,
including virulence factors, was not supported by i@ vivo infection experiment.
Differences in virulence between APEC strain BEN3&#Rdl its isogenic mutant BEN374
4hchA could not be observed upon experimental infectbbr8B-day old chickens (P.
Germon, Nouzilly, data not shown). If this heat@hgprotein plays a role for the proper
folding of proteins and/or their half-life, this it preponderant for the virulence of
strain BEN374 in a chicken.
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Other candidate genebdeA b0834 PAIl | Orf 55 ME EO 28Crorfl.1; see
appendix) could not be directly linked with viruen ThehdeAgene was checked in
IHE3034 due to its role for acid resistance. Ssipgly, thehdeAandhdeBgenes were
upregulated, too, in IHE3034 at 41 °C. A signifitarpregulation ofhdeA transcript
levels in BEN374 upon growth at 41 °C could notcbafirmed by real-time RT PCR in
all avian APEC at 41 °C. Whether acid resistancg omatribute tan vivo virulence in
the chicken would require further analysis in amgyg more strains and maybe by
comparingin vivo virulence of a wild type versus fade mutant. In case of the avian
pathogenicE. coli strain, further studies concerning the acid prsteind acid resistance
should be performed to see whether they may beveagan virulence or host specificity.
Expression of theysaDJHKWIN gene cluster, which was upregulated at 41 °C riairst
BEN374, was not differently expressed at human avidn body temperature in the
human EXPEC strain IHE3034. The results obtainedfacoli BEN374 may be strain-
specific and not linked to host specificity. Howgva potential role for virulence in
human and avian EXPEC cannot be excluded fromehdts. To determine whether the
encoded proteins affect virulence, more EXPEC r&rahould be tested to see a
preferential correlation between the expressiothe$se genes in human EXPEC and/or in
APEC. The increased transcription of thgerl gene at 41 °C in strain IHE3034 was
confirmed by real-time RT-PCR. Another gemeap was strongly down-regulated in
BEN374 and maybe a potential candidate for virwdenitheE. coli MAP is a type-I

enzyme and is a potential antibiotic target; salednhibitors have been designed (321).

In strain IHE3034, less genes were found to begipated than in BEN374. This
may be due to many factors, including strain-spegéne expression profiles as well as
the fact that the probes spotted on the microamainly covered the genome EBf coli
K-12 strain MG1655 and not the complete genomeoth I©18:K1 strains tested in this
study.

Surprisingly, the number of the down regulated gemeore than 70 genes for
each strain, was higher relative to the numberpoégulated genes. This group of genes

mainly contained genes involved in motility and mimeaxis. The microarray data
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confirmed previous studies about the influenceenfigerature on motility (2, 201), and
could be easily confirmed by motility tests. B coli, the flagellar operons are divided
into three classes with regard to their relativeifian in the transcriptional hierarchy
(200, 268, 310, 322). According to the transcripgotomparison of the two strains, the
class 2 and 3 genes were downregulated at 41 &fivesto 37 °C. This was confirmed
by real-time RT-PCR for one representative geneagh class. Genes which are involved
in flagellum biogenesis (for reviews of flagellaetarchy, see references (7, 58, 179,
322)) at different levels, were investigated bylteae RT-PCR i.e. the chemotaxis
genescheA cheZmotA (class Ill genes), th8hD (classl), thefliA (class II) genefliC
(class Ill), theaer andtsr gene (class lll). These confirmed the microarrdgta and

phenotypic assays.

In case of class I, which only comprises the geittleS and flhnD, reduced
transcription levels at 41 °C could not be detedtgdnicroarray hybridization and real-
time PCR. However, it has been demonstrated tleataulation of the FIhDC complex
can also occur at the post-transcriptional levelthwy carbon storage regulator CsrA
(350). Furthermore, post-translational regulatibfrlbDC expression is mediated by the
protease ClpX/ClpP irsalmonella entericg325, 326). These regulatory mechanisms
could also contribute to the repression of motil#yy higher temperature in strains
IHE3034 and BEN374. In addition of the flagellanss Il and class Ill genes, genes
involved in chemotaxis were down regulated, toas Vs also confirmed fatheYand
cheZby real-time RT-PCR.

Other de-regulated genes presented in the Tam@22 (see Appendix) have an
unknown or putative function. Interestingly, oneluése geneghjH, was downregulated
and has been recently characterized to have aidanat motility (109). Based on
sequence homologyhjH belongs to the newly identified and highly prevalgamily of
proteins that function in the turnover of bis-(3)-byclic dimeric guanosine
monophosphate (c-di-GMP), which is a secondary emgs involved in the regulation
of a wide variety of bacterial behaviors (283). Tise of de-regulated genes may consist

of further genes with a potential role in motilityt their potential function in signaling,
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chemotaxis and signal transduction will have tochecked in the future. This may
rapidly and easily provide new genes involved intilitypy In Tab. 22 and 23 (see
Appendix), genes likeyhjB, yihw and ynbD may be good putative candidates for
components of the sensory and signaling pathway réngulates motility. Based on
BLAST analysis,yihW codes for a predicted DNA-binding transcriptiomagulator,
whereasyhjB andynbD encode a predicted DNA-binding regulator of a teoaponent

regulatory system and a predicted inner membranspttatase, respectively.

During a urinary tract infection, the role of matilis well known. Flagellum-
driven motility allows bacteria to disseminate tites more advantageous for
colonization. The motility contributes to virulenoenabling UPEC to propagate in the
bladder, to disseminate to the upper urinary tf885) and establish pyelonephritis. This
can then in certain cases develop into septicemisystemic propagation in the host.
Therefore, it was unexpected to see the reductionatility already at 41 °C. Previous
experiments of this type have been done at 45 °@gbrer. It is generally assumed that
an infection is like a race between the coloniziaghogen and the host response. In this
case, reduced motility may delay infection, andwedly, should increase the probability
of bacterial clearance by the host immune respo@sethe other side, the presence of
less flagellar protein will reduce immune resporaginst bacteria. Despite it, the
virulence of the APEC strain is quite importantt the way of infection, is different, not
only one way and may occur before birth. This, didiaon of the host difference, may
explain why the reduction of motility due to thenjgerature, has not a high incidence. In
view of the data, we could not identify a specrggulator involved in the control of the
motility by a temperature-dependent way. The hygsith would be the existence or
expression of a regulatory factor, known or unknowWwme motility and its regulation are
quite important in the virulence properties of magénic strains, and this motility effect
in vitro is not an indicator of the motilitin vivo, and explains why these strains are

virulent.

Finally, the different studies on avian infecticaused byE. coli indicate that the

most important trait of APEC that contributes teaav colonization and development of
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colibacillosis seems to be the serum resistance msistance of APEC against
macrophages (81, 93, 216, 260, 315). Neverthelessrotility effect must be analyzed

in the future, or the ability of the strain to sefitfrom a motile form to a less motile one.

6.1.4 Implications and outlook

In addition to the assessment of the general germmmtent of APEC and human
EXPEC strains, we analyzed the transcriptomeshafraan and avian O18:K1 isolate to
characterize individual differences in virulenceg@xpression in response to their hosts,
i.e. the different body temperatures. The resulitained for the two strains did not
elucidate major differences between the human a&@hasolate regarding regulation of
their gene expression at the transcriptional lemetesponse to human or avian body
temperature. They rather mirror strain-specifieeff and support a common behavior of
the two strains even upon variation of one fadter,the growth temperature of 37 °C or
41 °C. The body temperature is not the only diffiese between human and birds, and
one must suspect a completely different gene egmegpattern during infection, also in
response to the course of infection, e.g. early latel stage of infection. The results
obtained from the transcriptome, genome as welprenotypic comparison of human
EXPEC and APEC, further supports earlier studi&s 99, 167, 222, 285) which discuss
that APEC and certain human EXPEC may be zoonAREC are at least considered a
reservoir for virulence-associated genes of humaRHE and comprise strains with a
high pathogenic potential for humans (99). Thedmaission between humans and birds
has is not been properly investigated until nowtler studies on transcriptional and
protein level should be performed to evaluate #uenotic risk for humans due to the
economic and hygienic impact on our society. Thighe first study which unravels
considerable overlaps between human and animal Ed@®&ins as well as putative host-
specific responses at the transcriptional levddettomes more and more apparent that the
presence of a common set of virulence-associateesgemong ExPEC strains as well as
similar gene expression patterns and phylogeneatkdrounds indicate a significant

zoonotic risk of avian-deriveH. coliisolates.
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6.2 Characterization of Mat fimbriae expression of. cali
strain IHE3034

Bacterial adherence to host tissues is a complegegs that, in many cases,
involves the participation of several distinct asihe, which may act at the same time or
at different stages during infection. These fimbriare more represented among
pathogenic strains than among non-pathogenic st(@m45% vs 55.5% (83), 100% vs
40% (362), 90.4% vs 26.7 (214)) and have been imegtconsidered as potential
virulence factors of EXPEC. These fimbriae are dictcontributing to the virulence
potential of such strains, but they are not necégssufficient to cause disease (219).
This may be due to the large amount of unknown meharacterized adhesins and
putative adhesins which may be atypical or not esged under the studied conditions.
The recently identified Mat (meningitis associatew! temperature regulated) fimbriae,
named because the expression of this fimbrial typs found to be associated with the
major clonal group of MENEC, O18:K1:H7, as wellagh low temperature (262), is
one of these new putative virulence-associatedsaaeln the last years, a few studies
have been done on these fimbriae despite thetfaajene cluster is very well conserved

in the majority oft. coli.

Whereas Poutet al. reported that the expression of these fimbriae speific
for the serotype O18:K1 and K2 as well as tempesatiependant, Rendon and
colleagues (276) demonstrated in EHEC that thesbriae were well expressed in a lot
of intestinal pathogenik. coli strains at 37 °C in DMEM cell culture medium wi%b
CO, concentration. Our own attempts to express Mabffiae of 018:K1 and K2 strains
under these conditions in RPMI cell culture medibave not been successful. Rendon
and co-workers designated these fimbri&e €oli common pilus” (ECP), which are
composed of a 21-kDa pilin subunit whose amino asduence corresponds to the
product of the gengagZ (designateanatB by Poutuet al, andecpAby Rendoret al).
ECP production was demonstrated in 71.6 % of d ¢6td69 ecpAr strains representing
intestinal and extraintestinal pathogenic (121 ototal of 169 strains) as well as
commensal fecak. coli isolates (16). They estimated thatvivo all the ecpApositive

strains that were phenotypically negative shouldabke to express Mat fimbriae, but
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depending on the niche and other growth conditidagithermore, Mat fimbriae-
mediated adhesion to cultured epithelial cells dolé shown, but nothing else was
known about the expression and function of this fievbrial type. The organization of
the gene cluster has only been investigated tataiceextent byin silico analysis (262).
The fact that in newborn meningitis isolates sushCd.8:K1:H7 strain IHE3034 Mat
fimbriae are not expressed under the conditionsritei by Redoret al. implies that
regulation of their expression is more complex @d multifactorial process which
needs to be further characterized. In this stualy,role of thematAgene, coding for the
putative regulator of Mat fimbriae has been cham@otd and its role for Mat fimbriae
expression was analyzed. In addition, the predome@af this gene cluster Ea coliand
the permanent expression afatA (with or without Mat fimbriae expression) let
hypothesize a more general role for MatA than gotéle control of Mat fimbriae

expression.

6.2.1 Transcriptional organization and  matA promoters differences
between IHE3034 and MG1655

6.2.1.1 Genetic organization in two operons ghat gene cluster

To better understand the regulation of Mat fimhrigdhe transcriptional
organization of the gene cluster was analyzed. (Petit al. already demonstrated
cotranscription omatB andmatC (262). Based on the results obtained by RT-PCR, we
defined two operongnatABCDand matEF (Fig. 25). A bioinformatics analysis didn’t
reveal significant transcription start points foatB in the matA-matB intergenic region
or within matA Also based on the results of the determinatiotmematBtranscriptional
start point and the fact that primer extension dathd the transcriptional start site
upstream ofmatA the RT-PCR experiments have also been reprodacedclearly
proved co-transcription ahatABCDand matEF These experiments further supported
that thematABCDtranscript is highly unstable, especially in theabd 3’ end ofmatA
and let presume the effect is strongest at 37 &@ 20 °C. The smear detected for the
matAtranscripts by Northern blot analysis confirmeis ttoo.
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6.2.1.2matA promoters differences

In addition to the genetic organization of theat gene cluster, the different
regulation of mat expression has been analyze@wbarn meningitis isolates IHE3034
and K-12 strain MG1655. Although. coli MG1655 carries the complete gene cluster,
Mat fimbriae are not expressed. The previous wdrRautuet al. showed that IHE3034
lost expression of Mat fimbria at 20 °C when thatAwas deleted. On the other hand
overexpression of MatAn transwas not sufficient to cause high level Mat exp@sn
wt IHE3034 at 37 °C or detectable expression inM@&1655 strain at 20 °C or 37 °C

(Timo Lehti personal communication; and my own {lata

The analysis and comparison of such fimbriae maxe hea good phylogenetic
interest. Poutet al, Rendonet al. demonstrated that almost all tBscherichia coli
strains present thmat cluster, completely or not. They performed a PG@GReamatB
survey in a collection of 176 strains representNfgEC (normal florak.coli) and the
major E. coli pathogroups (EHEC, enteropathogenic, enterotoxigenteroaggregative,
enteroinvasive, rabbit pathogenic, avian pathogeamnd uropathogenic). This gene was
present in 169 (96%) of these strains. The lastdi®¥sed thematA matB matC and
matD genes, without any data fonatE and matF. Differences in thematA and matB
nucleotide sequences and also in their deducedoaauid sequences could be detected
between strains IHE3034 and MG1655 (Fig. 29 and Bfjortunately, in the absence of
a known target of the MatB protein, it is diffictitt analyze the effect of these variations
on the MatB secondary structure which may affecd fhrotein’s receptor specificity.
Additionally, the mutations observed in MatA couldt be correlated with a different
Mat fimbriae expression without purified MatA priote Consequently, purification of
heterologously expressed MatA by affinity chromaapipy resulted in a co-purification
with the chaperone GroEL and no DNA binding capaecftMatA (Timo Lehti, personal
communication). For this reason, the focus wasirseahis thesis on furthem silico
analyses. These analyses predicted different patgtiomoters and transcription factor
binding sites in strains IHE3034 and MG1655 (Fi@®).2To validate thein silico
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predictions, the exact transcriptional startratAwas determined by 5’-RACE analysis.
In the twoE. coli strains, three transcription start points were tified. Two of them
were common for both strains, but one specificdcaptional start could be detected in
each of them (Fig. 26). These data suggest thatidhdl transcriptional start sites may
contribute to the differences in Mat fimbriae exgmien between both strains.
Furthermore, these results demonstrate thatA may be expressed, but not Mat
fimbriae. In addition to MatA, other transcriptidactors affect Mat fimbriae expression.
We hypothesize that the different transcriptiortaktspoints ofmatA influence mRNA
stability. The detection ahatAtranscripts by Northern blot analysis as welllesresults
of the 5’-RACE analysis support the idea thateast, the 5-end of thmatAtranscript is
very unstable. For each strain, the most distampter could not well be determined

whereas the other two transcriptional starts whzarky identified.

The matA gene with its own promoter could not be easily Eed from strain
IHE3034 by PCR. This may be indicative of marked ADburvature of this promoter
region. Pronounced DNA curvature at promoter regjisrcommon and often involved in
regulation of transcription (79, 213). In contrdst strain IHE3034,matA with its
promoter could be easily amplified in strain MG1658nalysis of electrophoretic
mobility of DNA fragments detected a region with nked DNA curvature at potential
matA regulatory regions in strain IHE3034, but notEn coli MG1655 (Timo Lehti,
personal communication). In addition, that upstream region i&. coli IHE3034 lacks
one of two potential GATC methylation sites whiagle aresent in K-12 strain MG1655.
The methylation state of regulatory DNA regions l@en shown to influence H-NS

dependent P fimbriae expression (356).

In summary, these analyses indicate several vamstin DNA sequence and
DNA curvature that may be involved in differentiabulation of Mat fimbriae expression
in vitro and/orin vivo as well as betweeRk. coli strains IHE3034 and MG1655 (see
Figure 36).
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Figure 36: Summary of differences and similaritiesbetween the matA promoter structure and
organization in IHE3034 and MG1655.Another difference, not indicated on the figurethis presence of
one potential GATC methylation sites in IHE3034 gamed to K-12 strain MG1655.

The exchange of thmatA promoter between both strains would further suppor
thein silico findings. Based on thie silico data and on our results, thetA upstream
region was subdivided in three parts and thesemsgivere exchanged betwegncoli
strains IHE3034 and MG1655. Mat fimbriae expressias detectable irE. coli
MG1655 when the regions 1 and 2 were exchangedhdsetof strain IHE3034 and, in
analogy, their expression was completely abolisinedorresponding variant d&. coli
IHE3034. Consequently, the region 3 was not inwblire regulation of Mat fimbriae
expression. In addition, the regions 1 and 2, widohtain the majority of sequence
differences (promoters, transcription factor birdsites) between strains IHE3034 and
MG1655, have thus been shown to be essential fot WMuabriae expression.
Interestingly, exchange of region 1 and 2, whicmposes the DNA region with marked
DNA curvature only in the human ExXPEC, betweenirstrdHE3034 and MG1655 did
not result in the same expression level of Mat fiam in strain MG1655 as iB. coli
IHE3034 (Timo Lehti, personal communication). Thiay be due, at least partially, to
the different MatA amino acid sequences in bothissrwhich may have co-evolved with
its own promoter. Consequently, the MatA proteonfiE. coli MG1655 may bind to the
matA promoter of strain IHE3034 with lower efficienchan to its own promoter.
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Whether some of these factors are responsiblehtodifferential expression or whether

these factors act in a co-ordinate manner neebs &ucidated in future studies.

To perform this study, it was required to work wtrrified and functional MatA
protein alone, without the chaperon GroEL. Fun&ladatA protein could be purified
using a fusion protein of the maltose binding proend MatA (MBP-MatA, this study).
With this, binding of MatA to DNA could be demorettied for the first time (Timo Lehti,
personal communication) and its binding could bealiaed within thematA promoter
region (between -10 to 608 nt) i coli IHE3034 and MG1655 (Timo Lehti, personal

communication).

6.2.1.3 H-NS affects the Mat fimbriae expression

Another aspect of regulation of Mat fimbriae exgres was the investigation of
the impact of the histone-like protein H-NS. Thiskml regulator affects the expression
of a high amount of genes (more than 5%ircoli) (15, 146), as it binds to DNA thus
changing it's curvature (67, 68). In addition, athd-NS-like proteins were recently
identified to be involved in virulence gene regigdat(213, 330, 354, 357).

In addition, DNA binding assays with H-NS and tlaene@matAupstream region
demonstrated that H-NS bound with different affirtid the DNA stretches fror&. coli
IHE3034 and MG1655 (Timo Lehti, personal communagt Comparison of H-NS
binding tomatregions showed that the IHE3034-specific DNA fragilocated -754 to
-1342 bp upstream of theatAtranslational start had a higher affinity for H-N#&n the
corresponding region from strain MG1655. In summéngee differences with respect to
the DNA sequence, the presence of transcripticiaal and transcription factor binding
sites as well as the structure of thatAupstream region have been identifiecEincoli
IHE3034 and MG1655. These differences may potéyptantribute to the differential
expression of Mat fimbriae in these strains. Whetune of these factors are sufficient
to cause differential expression or whether thes#ofs function in concert will have to
be elucidated in future studies.
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H-NS-dependent repression of gene expressioneas aiduced by environmental
signals through the action of transcriptional eafiivs which alleviate H-NS dependent
repression (15). Interestingly, a different role NS for Mat fimbriae expression in
response to the growth temperature could be obdeltat fimbriae expression of strain
IHE3034 was studied in the wild type, as well asthe isogenichns; or hns matA
mutants in whole cell ELISA assays at different penatures (Timo Lehti, personal
communication). At 20 °C, the highest Mat fimbre&ression was observed n coli
IHE3034hnsin the presence and absencemaitA In contrast, at 37 °C the presence of
matAwas required for Mat expression in tiesnegative background. The IHE30BAs
matA double mutant expressed Mat fimbriae at 20 °C notitat 37 °C because MatA is
required in thennsnegative background at 37 °C for Mat expressiobviQusly, Mat
fimbriae expression is also regulated by a MatA &ilS-independent temperature-
sensitive mechanism which favours fimbriae productat low temperatures. It can be
concluded that at 20 °C MatA functions as an H-N@&gonist and at 37 °C it counteracts
repression by an unknown mechanism. H-NS repregeas expression by binding
upstream and/or downstream of promoter regions éhdmnedering RNA polymerase
function (15, 354, 359). Remarkably, temperatu@ 37 °C) did not affect the affinity
of H-NS to thematA coding region and hence the lack of Mat expressmostrains
bearing an intaatnatAregion is probably not due to H-NS binding to tregion (Timo

Lehti, personal communication).

6.2.2 Biological function of matA and Mat fimbriae

6.2.2.1 The role of MatA ormatABCD transcription

To asses the role of a regulator and globally scfeeits potential targets in an
organism, transcriptome analysis is one of the tmss to screen all the genes of an
organism if the genome sequence is avalaible. indiudy, the global transcriptome of
IHE3034 wild type and its isogenimatA mutant has been compared at 20 °C because

this is one of the conditions under which Mat fimalerare expressed directly under the
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influence of MatA. The microarray data obtained #mel subsequent confirmation of the
most relevant results by real-time RT-PCR confirntiee role of MatA onmatABCD
transcription, but not on transcription ofatEE The negative role of H-NS on Mat
fimbriae expression was also proven at 20 °C and@7for the completenat gene
cluster. A stronger effect was observed for th@ABCDoperon than fomatEF Any
other gene or operon was significantly affectethmabsence of MatA under the chosen

experimental conditions.

Nevertheless, after the construction of the MBPMé&tsion protein, it was
demonstrated that the isogenic isogenatA mutant produce a MatA protein still able to
bind DNA, despite the absence of Mat fimbriae eggi@n. In this case, few side effects
must still be present and may explain the low amofideregulated genes, especially the

lack of genes involved in motility.

6.2.2.2 Effect on biofilm formation and on the motity

The matA mutant was also phenotypically compared with thid type strain to
characterize possible differences in the expressibnvirulence-associated traits.
Differences in expression of the toxia-hemolysin, fimbrial adhesins, and iron
acquisition systems, could not be found. IntergbfinmatA inactivation drastically
affected biofilm formation oE. coli IHE3034 (Fig. 31): strong biofilm formation was
observed under the same conditions under whichfidiriae were expressed. Biofilm
formation was reduced when Mat fimbriae were ngiregsed. Complementation of the
matA or matBCDEFmutants indeed correlated the different biofilmnfation with Mat
fimbriae expression (Fig. 32). This observation feared a new function of these
fimbriae. Biofilms are considered a virulence-asstec trait. Biofilm formation of
Enterobacteriaceads believed to play a significant role for the @ulkzation and
establishment of infections on mucosal surfacesnaagl also enhance microbial survival
in the environment (37, 63). Mat fimbriae-dependbiafilms may be formed in the
environment as well as in the host, because Reiamoihcoworkers reported on Mat

fimbriae expression in cell culture and their réde adhesion to eukaryotic cells. This
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supports the virulence-associated role of thesbrfam, and due to its expression at room
temperature, maybe a factor of nosocomial infegtion. They may represent a good
alternative or complementary factor involvedBEn coli biofilm formation and may be a
good target to interfere with biofilm formation. &preponderant role of this fimbrial
type in the biofilm formation at low temperatureemg up new perspectives in the
comprehension of biofilm formation and the roleMdit fimbriae for host colonization,

especially as Mat fimbriae are expressed in cdlupeiat 37 °C.

The most unexpected result of the phenotypic cosmarof wild type strains
MG1655, BEN374 and IHE3034 and their mutants deficin Mat fimbriae expression
was the increased motility of the latter ones (FR3@ and 34). According to the
transcriptome data obtained with strain IHE3084tAH179P, de-regulation of genes
known to be involved in motility and chemotaxis wast observed upommatA

inactivation. The microarray data were also condidnby real-time RT-PCR.

Nevertheless, the construction of the MBP-MatA eiotfusion and its isogenic
mutant MBP-MatAH179P demonstrated the possibilitiMatA to bind matApromoter,
despite the lack of Mat fimbriae expression in tisisain (Timo Lehti, personal
communication). In this case, side effects mugtresent, explaining the weak amount of
genes deregulated. It clarified too the strongdstes on motility test in IHE3034matA
(data not show) and its confirmation on Western ipldhis mutant vs. wt (see Figure 45,
appendix). In view of all these data, the reprodility of this effect in others strains
(MG1655, BEN374), and linked to the fact that thsence of either a functionalatA
gene or that of the structural genesitBCDEF independently resulted in increased
motility in different strain backgrounds indicatiét this is indeed a general regulatory
cross-talk that most likely occurs directly or ireditly on the level of translation or
stability of components of the flagella apparatustber factors that affect flagellation or
chemotaxis. The major regulator component of tregdlla apparatusflhDC, and

especially its promoter must be investigated irspnee of MBP-MatA.
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The motility of bacteria implements a complexuladory network which involves
different stimuli and genes that affect flagellati@68). Sjostronet al. demonstrated that
another protein encoded in a fimbrial gene clustieo affects motility and type 1-
fimbriae (300). There seems to be a frequent diaksbetween fimbriae and flagella.
This effect is present, too, in case of Mat fimeria

The impact of Mat fimbriae in virulence was testeyl infection of chickens.
APEC strain BEN374 was used to infect chickensnogulation of the airsac. In addition
to the wild type strain, two mutants have been dsethfection as well: one was deleted
for matAand the other fomatB Virulence of both mutants which does not expidas
fimbriae was, however, not significantly reducethtige to the wild type (P. Germon,
Nouzilly, data not shown). Due to the inappropriameatation, and the genomic instability
of the strain IHE3034 (data not show), new animglegiment must be performed in an

appropriate model and and with a more relevanirstra

6.2.3 Implications and outlooks

The results obtained in this thesis will form thasis for further experiments
aiming at the detailed characterization of mn&t gene cluster, regulation of Mat fimbriae

expression and to decipher the specific role ofAViathich has a constitutive expression

(see figure 37).
2 _\Motility and FIiC expression

SO 2

1\‘ Mat fimbriae expressiomfatABCD)
and bhiofilm formation

Figure 37: Summary on the MatA regulation functions 1) Direct regulation in case of Mat fimbriae
expression; 2) for the motility and FIiC expressittmeeds to be further analyzed if it is due wass-talk
between fimbriae and flagella, or a direct regolatby MatA.
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To increase the knowledge on the role of MatA, istein should be purified
and its DNA binding motif should be determined. Thectional characterization of Mat
fimbriae should focus on the cellular receptor akagyotes or in the extracellular matrix
and the regulation of their expressionvivo in different isolates. To analysis of the
impact of MatA on motility may involve the charaggation of an unknown regulatory

mechanism that affects expression of the motiléyes.
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8. Appendix

8. Appendix

8.1 Nucleotide and deduced amino-acid sequence oft  he N-terminal
part of fimH in the colirisk strains

fimH K12
ATGAAACGAGTTATTACCCTGTTTGCTGTACTGCTGATGGGCTCGAIGETAGGTCATTCGCCT
GTAAAACCGCCAATGGTACCGCTATCCCTATTGGCGGTGGCAGCOUBAGTBAACCTTGCGCC
CGTCGTGAATGTGGGGCAAAACCTGGTCGTGGATCTTTCGACGCAAXITATAACGATTATCCG
GAAACCATTACAGACTATGTCACACTGCAACGAGGCTCGGCTTAGIGICGSICTAATTTTTCCG
GGACCGTAAAATATAGTGGCAGTAGCTATCCATTTCCTACCACCAGRIHIADGCGTTGTTTATAA
TTCGAGAACGGATAAGCCGTGGCCGGTGGCGCTTTATTTGACGEAGIBAGEGCGGGGTGGCG
ATTAAAGCTGGCTCATTAATTGCCGTGCTTATTTTGCGACAGACCRATMNCAGCGATGATTTCC
AGTTTGTGTGGAATATTTACGCCAATAATGATGTGGTGGTGCCTABRTTEUGATGTTTCTGCTCG
TGATGTCACCGTTACTCTGCCGGACTACCCTGGTTCAGTGCCAATARCCEITTATTGTGCGAAA
AGCCAAAACCTGGGGTATTACCTCTCCGGCACAACCGCAGATGCIHBATARATCACCAATACCG
CGTCGTTTTCACCTGCACAGGGCGTCGGCGTACAGTTGACGCGTANMAGBTACCAGCGAATAA
CACGGTATCGTTAGGAGCAGTAGGGACTTCGGCGGTGAGTCTCGGERAMMITATGCACGTACC
GGAGGGCAGGTGACTGCAGGGAATGTGCAATCGATTATTGGCGGIATATTRATAA

MKRVITLFAVLLMGWSVNAWSFACKTANGTAIPIGGGSANVYVNLABDKNYVDLSTQIFCHNDYPE
TITDYVTLQRGSAYGGVLSNFSGTVKYSGSSYPFPTTSETPRVVYNSRIPKALYLTPVSSAGGVAIK
AGSLIAVLILRQTNNYNSDDFQFVWNIYANNDVVVPTGGCDVSARDPDYAGSVPIPLTVYCAKSQN
LGYYLSGTTADAGNSIFTNTASFSPAQGVGVQLTRNGTIIPANNTVSGESXVSLGLTANYARTGGQV
TAGNVQSIIGVTFVYQ

fimH RS218
ATGAAACGAGTTATTACCCTGTTTGCTGTACTGCTGATGGGCTCGAIGETAGGTCATTCGCCTG
TAAAACCGCCAATGGTACCGCAATCCCTATTGGCGGTGGCAGCAUBASTBRACCTTGCGCCTG
CCGTGAATGTGGGGCAAAACCTGGTCGTAGATCTTTCGACGCAABTCARTAACGATTACCCAGAA
ACCATTACAGACTATGTCACACTGCAACGAGGTGCGGCTTATGGTEETGAGTTTTTCCGGGAC
CGTAAAATATAATGGCAGTAGCTATCCTTTCCCTACTACCAGCGABBGGGTTGTTTATAATTCGA
GAACGGATAAGCCGTGGCCGGTGGCGCTTTATTTGACGCCGGTCABGAEIGAGTGGCGATTAAA
GCTGGCTCATTAATTGCCGTGCTTATTTTGCGACAGACCAACAACNTBATGATTTCCAGTTTGT
GTGGAATATTTACGCCAATAATGATGTGGTGGTGCCCACTGGCGBETGEICGAECTCGTGATGTCA
CCGTTACTCTGCCGGACTACCCTGGTTCAGTGCCGATTCCTCTTATTGTECGAAAAGCCAAAAC
CTGGGGTATTACCTCTCCGGCACAACCGCAGATGCGGGCAACTRE@RRAATACCGCGTCGTTTTC
ACCCGCGCAGGGCGTCGGCGTACAGTTGACGCGCAACGGTACGXITATTCC

MKRVITLFAVLLMGWSVNAWSFACKTANGTAIPIGGGSANVYVNLABQINYVDLSTQIFCHNDYPE
TITDYVTLQRGAAYGGVLSSFSGTVKYNGSSYPFPTTSETPRVVYNSRIDKALYLTPVSSAGGVAIK
AGSLIAVLILRQTNNYNSDDFQFVWNIYANNDVVVPTGGCDVSARDYPDYHAGSVPIPLTVYCAKSQN
LGYYLSGTTADAGNSIFTNTASFSPAQGVGVQLTRNGTIIPA

fimH IHE3034
ATGAAACGAGTTATTACCCTGTTTGCTGTACTGCTGATGGGCTCGAIGETAGGTCATTCGCCTG
TAAAACCGCCAATGGTACCGCAATCCCTATTGGCGGTGGCAGCAUBASTBRACCTTGCGCCTG
CCGTGAATGTGGGGCAAAACCTGGTCGTAGATCTTTCGACGCAABTCARTAACGATTACCCAGAA
ACCATTACAGACTATGTCACACTGCAACGAGGTGCGGCTTATGGTEHETGAGTTTTTCCGGGAC
CGTAAAATATAATGGCAGTAGCTATCCTTTCCCTACTACCAGCGABBGGGTTGTTTATAATTCGA
GAACGGATAAGCCGTGGCCGGTGGCGCTTTATTTGACGCCGGTCABGAEIGAGTGGCGATTAAA
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GCTGGCTCATTAATTGCCGTGCTTATTTTGCGACAGACCAACAACGNTBATGATTTCCAGTTTGT
GTGGAATATTTACGCCAATAATGATGTGGTGGTGCCCACTGGCGBETGEGSECTCGTGATGTCA
CCGTTACTCTGCCGGACTACCCTGGTTCAGTGCCGATTCCTCTTATTGTECGAAAAGCCAAAAC
CTGGGGTATTACCTCTCCGGCACAACCGCAGATGCGGGCAACTREEARATACCGCGTCGTTTTC
ACCCGCGCAGGGCGTCGGCGTACAGTTGACGCGCAACGGTACGXITATTCC

MKRVITLFAVLLMGWSVNAWSFACKTANGTAIPIGGGSANVYVNLABRQIMNYVDLSTQIFCHNDYPE
TITDYVTLQRGAAYGGVLSSFSGTVKYNGSSYPFPTTSETPRVVYNSRIDKALYLTPVSSAGGVAIK
AGSLIAVLILRQTNNYNSDDFQFVWNIYANNDVVVPTGGCDVSARDYPDYHAGSVPIPLTVYCAKSQN
LGYYLSGTTADAGNSIFTNTASFSPAQGVGVQLTRNGTIIPA

fimH BEN79
ATGAAACGAGTTATTACCCTGTTTGCTGTACTGCTGATGGGCTCGAIGETAGGTCATTCGCCTG
TAAAACCGCCAATGGTACCGCAATCCCTATTGGCGGTGGCAGCAUBASTBRACCTTGCGCCTG
CCGTGAATGTGGGGCAAAACCTGGTCGTAGATCTTTCGACGCAABTCARTARACGATTACCCAGAA
ACCATTACAGACTATGTCACACTGCAACGAGGTTCGGCTTATGGATATGIABSTTTTTCCGGGAC
CGTAAAATATAATGGCAGTAGCTATCCTTTCCCTACTACCAGCGABBGGGTTGTTTATAATTCGA
GAACGGATAAGCCGTGGCCGGTGGCGCTTTATTTGACGCCGCTCREBCARIGAGTGGCGATTAAA
GCTGGCTCATTAATTGCCGTGCTTATTTTGCGACAGACCAACAACGNRTBATGATTTCCAGTTTGT
GTGGAATATTTACGCCAATAATGATGTGGTGGTGCCCACTGGCGBETGEESECTCGTGATGTCA
CCGTTACTCTGCCGGACTACCCTGGTTCAGTGCCGATTCCTCTTATTGTECGAAAAGCCAAAAC
CTGGGGTATTACCTCTCCGGCACAACCGCAGATGCGGGCAACTREEARATACCGCGTCGTTTTC
ACCCGCGCAGGGCGTCGGCGTACAGTTGACGCGCAACGGTACGXITATTCC

MKRVITLFAVLLMGWSVNAWSFACKTANGTAIPIGGGSANVYVNLABQIMNYVDLSTQIFCHNDYPE
TITDYVTLQRGSAYGCVLSSFSGTVKYNGSSYPFPTTSETPRVVYNERUPKALYLTPVSSAGGVAIK
AGSLIAVLILRQTNNYNSDDFQFVWNIYANNDVVVPTGGCDVSARDYPDYHAGSVPIPLTVYCAKSQN
LGYYLSGTTADAGNSIFTNTASFSPAQGVGVQLTRNGTIIPA

fimH BEN374
ATGAAACGAGTTATTACCCTGTTTGCTGTACTGCTGATGGGCTCGAIGETAGGTCATTCGCCTG
TAAAACCGCCAATGGTACCGCAATCCCTATTGGCGGTGGCAGCAUBASTBRACCTTGCGCCTG
CCGTGAATGTGGGGCAAAACCTGGTCGTAGATCTTTCGACGCAABTCARTARACGATTACCCAGAA
ACCATTACAGACTATGTCACACTGCAACGAGGTTCGGCTTATGGAESELIAGTTTTTCCGGGAC
CGTAAAATATAATGGCAGTAGCTATCCTTTCCCTACTACCAGCGABBGGGTTGTTTATAATTCGA
GAACGGATAAGCCGTGGCCGGTGGCGCTTTATTTGACGCCGCTCEEGARIGAGTGGCGATTAAA
GCTGGCTCATTAATTGCCGTGCTTATTTTGCGACAGACCAACAACNTBATGATTTCCAGTTTGT
GTGGAATATTTACGCCAATAATGATGTGGTGGTGCCCACTGGCGBETGELSECTCGTGATGTCA
CCGTTACTCTGCCGGACTACCCTGGTTCAGTGCCGATTCCTCTTATTGTECGAAAAGCCAAAAC
CTGGGGTATTACCTCTCCGGCACAACCGCAGATGCGGGCAACTREEARATACCGCGTCGTTTTC
ACCCGCGCAGGGCGTCGGCGTACAGTTGACGCGCAACGGTACGXITATTCC

MKRVITLFAVLLMGWSVNAWSFACKTANGTAIPIGGGSANVYVNLABRQMNNYVDLSTQIFCHNDYPE
TITDYVTLQRGSAYGGVLSSFSGTVKYNGSSYPFPTTSETPRVVYNSRIDKALYLTPVSSAGGVAIK
AGSLIAVLILRQTNNYNSDDFQFVWNIYANNDVVVPTGGCDVSARDYPDYHAGSVPIPLTVYCAKSQN
LGYYLSGTTADAGNSIFTNTASFSPAQGVGVQLTRNGTIIPA

fimH BEN2908
ATGAAACGAGTTATTACCCTGTTTGCTGTACTGCTGATGGGCTCGAIGETAGGTCATTCGCCTG
TAAAACCGCCAATGGTACCGCAATCCCTATTGGCGGTGGCAGCAUBASTBRACCTTGCGCCTG
CCGTGAATGTGGGGCAAAACCTGGTCGTAGATCTTTCGACGCAABTCARTAACGATTACCCAGAA
ACCATTACAGACTATGTCACACTGCAACGAGGTTCGGCTTATGGOESELIAGTTTTTCCGGGAC
CGTAAAATATAATGGCAGTAGCTATCCTTTCCCTACTACCAGCGABBGGGTTGTTTATAATTCGA
GAACGGATAAGCCGTGGCCGGTGGCGCTTTATTTGACGCCGCTCRBCARIGAGTGGCGATTAAA
GCTGGCTCATTAATTGCCGTGCTTATTTTGCGACAGACCAACAACGNTBATGATTTCCAGTTTGT
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GTGGAATATTTACGCCAATAATGATGTGGTGGTGCCCACTAGCGEBGTGILACTCGTGATGTCA
CCGTTACTCTGCCGGACTACCCTGGTTCAGTGCCGATTCCTCTTATTGTECGAAAAGCCAAAAC
CTGGGGTATTACCTCTCCGGCACAACCGCAGATGCGGGCAACTREEARATACCGCGTCGTTTTC
ACCCGCGCAGGGCGTCGGCGTACAGTTGACGCGCAACGGTACGXITATTCC

MKRVITLFAVLLMGWSVNAWSFACKTANGTAIPIGGGSANVYVNLABRQMNNYVDLSTQIFCHNDYPE
TITDYVTLQRGSAYGGVLSSFSGTVKYNGSSYPFPTTSETPRVVYNSRIDKALYLTPVSSAGGVAIK
AGSLIAVLILRQTNNYNSDDFQFVWNIYANNDVVVPTSGCDVSARDYDFRGSVPIPLTVYCAKSQN
LGYYLSGTTADAGNSIFTNTASFSPAQGVGVQLTRNGTIIPA

fimH IHE3072
ATGAAACGAGTTATTACCCTGTTTGCTGTACTGCTGATGGGCTCGAIGETAGGTCATTCGCCTG
TAAAACCGCCAATGGTACCGCTATCCCTATTGGCGGTGGCAGCGIOBABSIBRACCTTGCGCCCG
TCGTGAATGTGGGGCAAAACCTGGTCGTGGATCTTTCGACGCAABTCATRACGATTATCCGGAA
ACCATTACAGACTATGTCACACTGCAACGAGGCTCGGCTTATGGTHGETWIABTTTTTCCGGGAC
CGTAAAATATAGTGGCAGTAGCTATCCATTTCCTACCACCAGCGARBGCGTIGTTTATAATTCGA
GAACGGATAAGCCGTGGCCGGTGGCGCTTTATTTGACGCCTGTGARRIAGEIGGGTGGCGATTAAA
GCTGGCTCATTAATTGCCGTGCTTATTTTGCGACAGACCAACAACGNBIBATGATTTCCAGTTTGT
GTGGAATATTTACGCCAATAATGATGTGGTGGTGCCTACTGGCGEBGTGRLACTCGTGATGTCA
CCGTTACTCTGCCGGACTACCCTGGTTCAGTGCCAATTCCTCTTAOTGTGICGAAAAGCCAAAAC
CTGGGGTATTACCTCTCCGGCACAACCGCAGATGCGGGCAACTREEARATACCGCGTCGTTTTC
ACCTGCACAGGGCGTCGGCGTACAGTTGACGCGCAACGGTACGAGTATTCC

MKRVITLFAVLLMGWSVNAWSFACKTANGTAIPIGGGSANVYVNLABOMNYVDLSTQIFCHNDYPE
TITDYVTLQRGSAYGGVLSNFSGTVKYSGSSYPFPTTSETPRVVYNSRIDKALYLTPVSSAGGVAIK
AGSLIAVLILRQTNNYNSDDFQFVWNIYANNDVVVPTGGCDVSARDYPDYHAGSVPIPLTVYCAKSQN
LGYYLSGTTADAGNSIFTNTASFSPAQGVGVQLTRNGTIIPA

fimH 1772
ATGAAACGAGTTATTACCCTGTTTGCTGTACTGCTGATGGGCTCGAIGETAGGTCATTCGCCTG
TAAAACCGCCAATGGTACCGCTATCCCTATTGGCGGTGGCAGCGIOBABSIBRACCTTGCGCCCG
TCGTGAATGTGGGGCAAAACCTGGTCGTGGATCTTTCGACGCAABTCATRACGATTATCCGGAA
ACCATTACAGACTATGTCACACTGCAACGAGGCTCGGCTTATGGTHGETWIABTTTTTCCGGGAC
CGTAAAATATAGTGGCAGTAGCTATCCATTTCCTACCACCAGCGARBGCGTTIGTTTATAATTCGA
GAACGGATAAGCCGTGGCCGGTGGCGCTTTATTTGACGCCTGTGARRAGEIGGGTGGCGATTAAA
GCTGGCTCATTAATTGCCGTGCTTATTTTGCGACAGACCAACAA

MKRVITLFAVLLMGWSVNAWSFACKTANGTAIPIGGGSANVYVNLABOMNYVDLSTQIFCHNDYPE
TITDYVTLORGSAYGGVLSNFSGTVKYSGSSYPFPTTSETPRVVYNSRIDKALYLTPVSSAGGVAIK
AGSLIAVLILRQTN

fimH AC/l ou 789
ATGAAACGAGTTATTACCCTGTTTGCTGTACTGCTGATGGGCTGRFPIGGTAGGTCATTCGCCTG
TAAAACCGCCAATGGTACCGCTATCCCTATTGGCGGTGGCAGCGURAGSTBRACCTTGCGCCCG
TCGTGAATGTGGGGCAAAACCTGGTCGTGGATCTTTCGACGCAABTCATARACGATTATCCGGAA
ACCATTACAGACTATGTCACACTGCAACGAGGCTCGGCTTATGGTHEUIMBTTTTTCCGGGAC
CGTAAAATATAGTGGCAGTAGCTATCCATTTCCTACCACCAGCGARRGGGTTGTTTATAATTCGA
GAACGGATAAGCCGTGGCCGGTGGCGCTTTATTTGACGCCTGTGARIACIGGGTGGCGATTAAA
GCTGGCTCATTAATTGCCGTGCTTATTTTGCGACAGACCAACAACTBTBATGATTTCCAGTTTGT
GTGGAATATTTACGCCAATAATGATGTGGTGGTGCCTACTGGCGEGTERIIACTCGTGATGTCA
CCGTTACTCTGCCGGACTACCCTGGTTCAGTGCCAATTCCTCTTAOUGTGLGAAAAGCCAAAAC
CTGGGGTATTACCTCTCCGGCACAACCGCAGATGCGGGCAACTRGERATKCCGCGTCGTTTTC
ACCTGCACAGGGCGTCGGCGTACAGTTGACGCGCAACGGTACGAGTATTCC
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MKRVITLFAVLLMGWSVNAWSFACKTANGTAIPIGGGSANVYVNLABOMNYVDLSTQIFCHNDYPE
TITDYVTLQRGSAYGGVLSNFSGTVKYSGSSYPFPTTSETPRVVYNSRIDKALYLTPVSSAGGVAIK
AGSLIAVLILRQTNNYNSDDFQFVWNIYANNDVVVPTGGCDVSARDYDYHGSVPIPLTVYCAKSQN
LGYYLSGTTADAGNSIFTNTASFSPAQGVGVQLTRNGTIIPA

fimH 285
ATGAAACCAGTTATTACCCTGTTTGCTGTACTGCTGATGGGCTGGRIGETN GGTCATTCGCCTG
TAAAACCGCCAATGGTACAGCTATCCCTATTGGCGGTGGCAGCGURMITBRACCTTGCGCCTG
CCGTGAATGTGGGGCAAAACCTGGTCGTAGATCTTTCGACGCAABTCATAACGATTATCCGGAA
ACCATTACAGACTATGTCACACTGCAACGAGGCTCGGCTTATGGTHEG FBTTTTTCCGGGAC
CGTAAAATATAGTGGCAGTAGCTATCCATTTCCGACCACCAGCGAEEET GTTTATAATTCGA
GAACGGATAAGCCGTGGCCGGTGGCGCTTTATTTGACGCCTGTEABHAGIGGGTGGCGATTAAA
GCTGGCTCATTAATTGCCGTGCTTATTTTGCGACAGACCAACAAGTBIBATGATTTCCAGTTTGT
GTGGAATATTTACGCCAATAATGATGTGGTGGTGCCTACTGGCGEGTGRIEACTCGTGATGTCA
CCGTTACTCTGCCGGACTACCCTGGTTCAGTGCCAATTCCTCTTAOTGTGLGAAAAGCCAAAAC
CTGGGGTATTACCTCTCCGGCACAACCGCAGATGCGGGCAACTREERATACCGCGTCGTTTTC
ACCTGCACAGGGCGTCGGCGTACAGTTGACGCGCAACGGTACGAGTATTCC

MKPVITLFAVLLMGWSVNAWSFACKTANGTAIPIGGGSANVYVNLABRRQNNY/VDLSTQIFCHNDYPE
TITDYVTLQRGSAYGGVLSNFSGTVKYSGSSYPFPTTSETPRVVYNSRIDKALYLTPVSSAGGVAIK
AGSLIAVLILRQTNNYNSDDFQFVWNIYANNDVVVPTGGCDVSARDYDYHGSVPIPLTVYCAKSQN
LGYYLSGTTADAGNSIFTNTASFSPAQGVGVQLTRNGTIIPA

8.2 Nucleotide and deduced amino-acid sequence oft  he N-terminal
part of matA in the colirisk strains

> matAseq in K12
GTGACATGGCAAAGTGATTACAGTAGGGACTATGAGGTTAAAAAGRATASTTEAAAACCGTTCTGA
TAAATACATCTGGTCTCCCCATGACGCCTACTTCTATAAAGGACTATTEBATGTGGATATCGACA
GATTAATTTATCTATCGTTGGAGAAAATTAGAAAAGATTTCGTGTTARCUOBAGTACGGATTCTTTA
TCTGAATTTATAAACCGTGATAATGAATGGTTATCCGCGGTAAAGGAEBRMGTATTGATTGCGGC
CAGAAAGTCAGAGGCCTTAGCAAATTATTGGTATTACAATAGCAAGSGIRGT GGTATACGCTGGAC
TGAGTCGTGATATTAGAAAAGAACTGGTCTATGTGATTAATGGCAGBIGARAAGATATTAAGAAA
GATAAAATCACGGACCGGGAAATGGAAATTATCCGCATGACGGCATRGRELTAAATCGATTGC
CAGAATTGAAAATTGTAGTGTGAAGACAGTGTATACCCATCGGCGGWAGTCAAGCTGTACTCAA
AAATATATAAGTTGGTTCAGTAA

MTWQSDYSRDYEVKNHMECQNRSDKYIWSPHDAYFYKGLSELIVDISREKIRKDFVFINLSTDSL
SEFINRDNEWLSAVKGKQVVLIAARKSEALANYWYYNSNIRGVVYAGRISRIVYVINGRFLRKDIKK
DKITDREMEIIRMTAQGMQPKSIARIENCSVKTVYTHRRNAEAKLY SKMEK

>matAseq in IHE3034
GTGACATGGCAAAATGATTACAGCAGGGACTATGAGGTTAAAAAGRATSTEAAAACCGTTCTGA
TAAATACATCTGGTCTCCCCATGACGCCTACTTCTATAAAGGACTATTEBATGTGGATATCGACA
GATTAATTTATCTATCGCTGGAGAAAATCAGAAAAGATTTCGTGTRIATWNRATACGGATTCTTTA
ACTGAGTTTATAAACCGTGATAATGAGTGGTTATCCGCGGTAAAGREEAGTATTGATTGCGGC
CAGAAAGTCAGAAGCCTTAGCAAATTATTGGTATTACAACAGCAAGSTGIRGT GGTATACGCTGGAC
TGAGTCGTGATATTAGAAAAGAACTGGCCTATGTGATTAATGGCAGGAGAAAGATATTAAGAAA
GATAAAATCACTGACCGGGAAATGGAAATTATCCGCATGACGGCATAGGGBCTAAATCGATTGC
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CAGAATTGAAAATTGTAGTGTGAAGACAGTGTATACCCATCGGCRGASKRBITAAGCTGTACTCAA
AATTATATAAGTTGGTTCAGTAA

MTWQNDYSRDYEVKNHMECQNRSDKYIWSPHDAYFYKGLSELIVOIBREKRKDFVFINLNTDSL
TEFINRDNEWLSAVKGKQVVLIAARKSEALANYWYYNSNIRGVVYAGRISRIAYVINGRFLRKDIKK
DKITDREMEIIRMTAQGMLPKSIARIENCSVKTVYTHRRNAEAKLY SHIWX

> matABEN374
GTGACATGGCAAAATGATTACAGCAGGGACTATGAGGTTAAAAAGRATSITEAAAACCGTTCTGA
TAAATACATCTGGTCTCCCCATGACGCCTACTTCTATAAAGGACTATTEBATGTGGATATCGACA
GATTAATTTATCTATCGCTGGAGAAAATCAGAAAAGATTTCGTGT ATATTTRNATACGGATTCTTTA
ACTGAGTTTATAAACCGTGATAATGAGTGGTTATCCGCGGTAAAGRBEAM/GTATTGATTGCGGC
CAGAAAGTCAGAAGCCTTAGCAAATTATTGGTATTACAACAGCAAGGGIRIE&T GGTATACGCTGGAC
TGAGTCGTGATATTAGAAAAGAACTGGCCTATGTGATTAATGG CAIGAITAANAGATATTAAGAAA
GATAAAATCACTGACCGGGAAATGGAAATTATCCGCATGACGGCATAGTGBCTAAATCGATTGC
CAGAATTGAAAATTGTAGTGTGAAGACAGTGTATACCCATCGGCRGASKRBITAAGCTGTACTCAA
AATTATATAAGTTGGTTCAGTAA

MTWQNDYSRDYEVKNHMECQNRSDKYIWSPHDAYFYKGLSELIVOIBREKRKDFVFINLNTDSL
TEFINRDNEWLSAVKGKQVVLIAARKSEALANYWYYNSNIRGVVYAGRISRIAYVINGRFLRKDIKK
DKITDREMEIIRMTAQGMLPKSIARIENCSVKTVYTHRRNAEAKLY SHIWX

>matAl772
GTGACATGGCAAAATGATTACAGCAGGGACTATGAGGTTAAAAAGRATASIGEAAAACCGTTCTGA
TAAATACATCTGGTCTCCCCATGACGCCTACTTCTATAAAGGACTATTEEATGTGGATATCGACA
GATTAATTTATCTATCGCTGGAGAAAATCAGAAAAGATTTCGTGTRIATTONATACGGATTCTTTA
ACTGAGTTTATAAACCGTGATAATGAGTGGTTATCCGCGGTAAAGHEEAGTATTGATTGCGGC
CAGAAAGTCAGAAGCCTTAGCAAATTATTGGTATTACAACAGCAAGEGIRIGIAGTATACGCTGGAC
TGAGTCGTGATATTAGAAAAGAACTGGCCTATGTGATTAATGG CAGRTAANAGATATTAAGAAA
GATAAAATCACTGACCGGGAAATGGAAATTATCCGCATGACGGCATAGEGBCTAAATCGATTGC
CAGAATTGAAAATTGTAGTGTGAAGACAGTGTATACCCATCGGCAGWIGICAAGCTGTACTCAA
AAATATATAAGTTGGTTCCGTAA

MTWQNDYSRDYEVKNHMECQNRSDKYIWSPHDAYFYKGLSELIVOIBREKIRKDFVFINLNTDSL
TEFINRDNEWLSAVKGKQVVLIAARKSEALANYWYYNSNIRGVVYAGRISRIAYVINGRFLRKDIKK
DKITDREMEIIRMTAQGMLPKSIARIENCSVKTVYTHRRNAEAKLYSHIYR

>matABEN2908
GTGACATGGCAAAATGATTACAGCAGGGACTATGAGGTTAAAAAGRATASIGCAAAACCGTTCTGA
TAAATACATCTGGTCTCCCCATGACGCCTACTTCTATAAAGGACTATTEEATGTGGATATCGACA
GATTAATTTATCTATCGCTGGAGAAAATCAGAAAAGATTTCGTGTRIATTOMATACGGATTCTTTA
ACTGAGTTTATAAACCGTGATAATGAGTGGTTATCCGCGGTAAAGRGEEAAGCTATTGATTGCGGC
CAGAAAGTCAGAAGCCTTAGCAAATTATTGGTATTACAACAGCAAGEGIRRGIGGTATACGCTGGAC
TGAGTCGTGATATTAGAAAAGAACTGGCCTATGTGATTAATGG CAGRTANAGATATTAAGAAA
GATAAAATCACTGACCGGGAAATGGAAATTATCCGCATGACGGCATAGEGBCTAAATCGATTGC
CAGAATTGAAAATTGTAGTGTGAAGACAGTGTATACCCATCGGCRGASIEICAAGCTGTACTCAA
AATTATATAAGTTGGTTCAGTAA

MTWQNDYSRDYEVKNHMECQNRSDKYIWSPHDAYFYKGLSELIVOIBREKIRKDFVFINLNTDSL
TEFINRDNEWLSAVKGKQVVLIAARKSEALANYWYYNSNIRGVVYAGRISRIAYVINGRFLRKDIKK
DKITDREMEIIRMTAQGMLPKSIARIENCSVKTVYTHRRNAEAKLY SHIWX

>matABEN79
GTGACATGGCAAAATGATTACAGCAGGGACTATGAGGTTAAAAAGRATASITEAAAACCGTTCTGA
TAAATACATCTGGTCTCCCCATGACGCCTACTTCTATAAAGGACTATTEBATGTGGATATCGACA
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GATTAATTTATCTATCGCTGGAGAAAATCAGAAAAGATTTCGTGTRAIATCMATACGGATTCTTTA
ACTGAGTTTATAAACCGTGATAATGAGTGGTTATCCGCGGTAAAGRGEAMGTATTGATTGCGGC
CAGAAAGTCAGAAGCCTTAGCAAATTATTGGTATTACAACAGCAAGGGIMGT GGTATACGCTGGAC
TGAGTCGTGATATTAGAAAAGAACTGGCCTATGTGATTAATGG CAIGATAXNAGATATTAAGAAA
GATAAAATCACTGACCGGGAAATGGAAATTATCCGCATGACGGCATAGBGBCTAAATCGATTGC
CAGAATTGAAAATTGTAGTGTGAAGACAGTGTATACCCATCGGCRGASKRBICAAGCTGTACTCAA
AATTATATAAGTTGGTTCAGTAA

MTWQNDYSRDYEVKNHMECQNRSDKYIWSPHDAYFYKGLSELIVOIBREKIRKDFVFINLNTDSL
TEFINRDNEWLSAVKGKQVVLIAARKSEALANYWYYNSNIRGVVYAGRISRIAYVINGRFLRKDIKK
DKITDREMEIIRMTAQGMLPKSIARIENCSVKTVYTHRRNAEAKLY SHIWX

>matA285
GTGACATGGCAAAGTGATTACAGTAGGGACTATGAGGTTAAAAAGRATAITEAAAACCGTTCTGA
TAAATACATCTGGTCTCCCCATGACGCCTACTTCTATAAAGGACTATTEBATGTGGATATCGACA
GATTAATTTATCTATCGTTGGAGAAAATTAGAAAAGATTTCGTGTTARTBRAGTACGGATTCTTTA
TCTGAATTTATAAACCGTGATAATGAATGGTTATCCGCGGTAAAGGEEBRBGTATTGATTGCGGC
CAGAAAGTCAGAAGCCTTAGCAAATTATTGGTATTACAATAGCAABSIERGTIGGTATACGCTGGAC
TGAGTCGTGATATTAGAAAAGAACTGGCCTATGTGATTAATGG CAIGAITAXNAGATATTAAGAAA
GATAAAATCATGGACCGGGAAATGGAAATTATCCGCATGACGGCRABAGAAEICTAAATCGATTGC
CAGAATTGAAAATTGTAGTGTGAAGACAGTGTATACCCATCGGCAGMIGOCAAGCTGTACTCAA
AAATATATAAGTTGGTTCAGTAA

MTWQSDYSRDYEVKNHMECQNRSDKYIWSPHDAYFYKGLSELIVDISRERKMRKDFVFINLSTDSL
SEFINRDNEWLSAVKGKQVVLIAARKSEALANYWYYNSNIRGVVYAGRISRIAYVINGRFLRKDIKK
DKIMDREMEIIRMTAQGMQPKSIARIENCSVKTVYTHRRNAEAKLY SKVK

>matABEN2932 (AC/I)
GTGACATGGCAAAGTGATTACAGTAGGGACTATGAGGTTAAAAAGRPATASIIEAAAACCGTTCTGA
TAAATACATCTGGTCTCCCCATGACGCCTACTTCTATAAAGGACTATTEBATGTGGATATCGACA
GATTAATTTATCTATCGTTGGAGAAAATTAGAAAAGATTTCGTGTTAKTORAGTACGGATTCTTTA
TCTGAATTTATAAACCGTGATAATGAATGGTTATCCGCGGTAAAGGEEARBGTATTGATTGCGGC
CAGAAAGTCAGAAGCCTTAGCAAATTATTGGTATTACAATAGCAAGETRGTGGTATACGCTGGAC
TGAGTCGTGATATTAGAAAAGAACTGGCCTATGTGATTAATGGCABATAXAAGATATTAAGAAA
GATAAAATCACGGACCGGGAAATGGAAATTATCCGCATGACGGCRATAGRGEATAAATCGATTGC
CAGAATTGAAAATTGTAGTGTGAAGACAGTGTATACCCATCGGCABWMOEOCAAGCTGTACTCAA
AAATATATAAGTTGGTTCAGTAA

MTWQSDYSRDYEVKNHMECQNRSDKYIWSPHDAYFYKGLSELIVDISREKIRKDFVFINLSTDSL
SEFINRDNEWLSAVKGKQVVLIAARKSEALANYWYYNSNIRGVVYAGISRIAYVINGRFLRKDIKK
DKITDREMEIIRMTAQGMQPKSIARIENCSVKTVYTHRRNAEAKLY SKME

>matAIHE3072
GTGACATGGCAAAATGATTACAGCAGGGACTATGAGGTTAAAAAGRATASIECAAAACCGTTCTGA
TAAATACATCTGGTCTCCCCATGACGCCTACTTCTATAAAGGACTATTEBATGTGGATATCGACA
GATTAATTTATCTATCGCTGGAGAAAATCAGAAAAGATTTCGTGTRIATTOMATACGGATTCTTTA
ACTGAGTTTATAAACCGTGATAATGAGTGGTTATCCGCGGTAAAGIEEALGTATTGATTGCGGC
CAGAAAGTCAGAAGCCTTAGCAAATTATTGGTATTACAACAGCAAGBEGIRIGIGGTATACGCTGGAC
TGAGTCGTGATATTAGAAAAGAACTGGCCTATGTGATTAATGG CAGRTAANAGATATTAAGAAA
GATAAAATCACTGACCGGGAAATGGAAATTATCCGCATGACGGCATAGBGECTAAATCGATTGC
CAGAATTGAAAATTGTAGTGTGAAGACAGTGTATACCCATCGGCRGASIEICAAGCTGTACTCAA
AATTATATAAGTTGGTTCAGTAA
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MTWQNDYSRDYEVKNHMECQNRSDKYIWSPHDAYFYKGLSELIVOIBREKRKDFVFINLNTDSL
TEFINRDNEWLSAVKGKQVVLIAARKSEALANYWYYNSNIRGVVYAGRISRIAYVINGRFLRKDIKK
DKITDREMEIIRMTAQGMLPKSIARIENCSVKTVYTHRRNAEAKLY SHIWX

>matARS218
GTGACATGGCAAAATGATTACAGCAGGGACTATGAGGTTAAAAAGRINTSTGAAAACCGTTCTGA
TAAATACATCTGGTCTCCCCATGACGCCTACTTCTATAAAGGACTATTEEATGTGGATATCGACA
GATTAATTTATCTATCGCTGGAGAAAATCAGAAAAGATTTCGTGTRIATCONATACGGATTCTTTA
ACTGAGTTTATAAACCGTGATAATGAGTGGTTATCCGCGGTAAAGHEEALGTATTGATTGCGGC
CAGAAAGTCAGAAGCCTTAGCAAATTATTGGTATTACAACAGCAAGBEGIRGIGGTATACGCTGGAC
TGAGTCGTGATATTAGAAAAGAACTGGCCTATGTGATTAATGG CAGRTANAGATATTAAGAAA
GATAAAATCACTGACCGGGAAATGGAAATTATCCGCATGACGGCATAGEGBCTAAATCGATTGC
CAGAATTGAAAATTGTAGTGTGAAGACAGTGTATACCCATCGGCRGASIEICAAGCTGTACTCAA
AATTATATAAGTTGGTTCAGTAA

MTWQNDYSRDYEVKNHMECQNRSDKYIWSPHDAYFYKGLSELIVOIBREKRKDFVFINLNTDSL
TEFINRDNEWLSAVKGKQVVLIAARKSEALANYWYYNSNIRGVVYAGRISRIAYVINGRFLRKDIKK
DKITDREMEIIRMTAQGMLPKSIARIENCSVKTVYTHRRNAEAKLY SHIWX

8.3 Nucleotide and deduced amino-acid sequence oft  he N-terminal
part of matB in the colirisk strains

>matBseq in K12
ATGAAAAAAAAGGTTCTGGCAATAGCTCTGGTAACGGTGTTTACCBEGNIESCGCAGGCTGCTGA
CGTAACAGCTCAGGCTGTAGCGACCTGGTCGGCAACAGCCAAADNITNGNAAGCTGGTTGTGA
CGCCACTCGGTAGCCTGGCGTTCCAGTATGCCGAAGGCATTAAAGII TINUAGAAAGGTCTATTT
GACGTGGCTATCGAGGGTGACTCAACGGCTACCGCCTTTAAACTGARUCTIM CACCAACACATT
AACCCAGTTGGATACCTCAGGTTCCACACTGAATGTGGGCGTGGRGEERRGGCAGTCGAAAAAA
CTGGCGATACCGTGATGATCGATACCGCCAACGGCGTACTGGGCEABBBCGCTGGCTAACGGT
TACAATGCCAGCAATCGTACCACCGCACAGGATGGTTTCACCTTBTCBSBGGTACCACCAATGG
TACCACCGCAGTAACAGATTACAGCACTCTACCGGAAGGCATCTGGAGGETAGCGTACAGTTCG
ACGCGACCTGGACCAGTTAA

MKKKVLAIALVTVFTGMGVAQAADVTAQAVATWSATAKKDTTSKLVSIREQYAEGIKGFNSQKGLF
DVAIEGDSTATAFKLTSRLITNTLTQLDTSGSTLNVGVDYNGAAVEKWGIOTANGVLGGNLSPLANG
YNASNRTTAQDGFTFSIISGTTNGTTAVTDYSTLPEGIWSGDVSVQFCRTW

>matBIHE3034
ATGAAAAAAAAGGTTCTGGCAATAGCTCTGGTAACGGTGTTTACCEERINGCGCAGGCTGCTGA
CGTAACAGCTCAGGCTGTAGCGACCTGGTCAGCAACAGCCAAA/NEMIRAAGCTGGTTGTGA
CGCCACTCGGTAGCCTGGCGTTCCAGTATGCCGAAGGCATTAAAGIITATUAAAAAGGTCTATTT
GACGTGGCTATCGAGGGTGACTCAACGGCTACCGCCTTTAAACTGBCCTTUATCACCAACACCTT
AACCCAGTTGGATACCTCAGGTTCCACACTGAATGTGGGCGTGRRGGERRGGCAGTCGAAAAAA
CTGGCGATACCGTGATGATCGATACCGCCAACGGCGTACTGGGTCEAGBBCACTGGCTAACGGT
TACAATGCCAGCAATCGTACCACCGCACAGGATGGTTTCACTTTAIMUASIKISGCACCACCAATGG
TACCACCGCAGTAACCGATTACAGCACTCTACCGGAAGGCATCTGGAGGTGAGCGTACAGTTCG
ACGCTACCTGGACCAGTTAA

MKKKVLAIALVTVFTGTGVAQAADVTAQAVATWSATAKKDTTSKLVGIRERYAEGIKGFNSQKGLF
DVAIEGDSTATAFKLTSRLITNTLTQLDTSGSTLNVGVDYNGAAVEKWGIOTANGVLGGNLSPLANG
YNASNRTTAQDGFTFSIISGTTNGTTAVTDYSTLPEGIWSGDVSVQFCRTW
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>matBBEN374
ATGAAAAAAAAGGTTCTGGCAATAGCTCTGGTAACGGTGTTTACCBEAINGCGCAGGCTGCTGA
CGTAACAGCTCAGGCTGTAGCGACCTGGTCAGCAACAGCCAAAARXNGAIAMAAGCTGGTTGTGA
CGCCACTCGGTAGCCTGGCGTTCCAGTATGCCGAAGGCATTAANGTI CATAAAAAGGTCTATTT
GACGTGGCTATCGAGGGTGACTCAACGGCTACCGCCTTTAAACTGBCCTUATCACCAACACCTT
AACCCAGTTGGATACCTCAGGTTCCACACTGAATGTGGGCGTGARGBERRGACAGTCGAAAAAA
CTGGCGATACCGTGATGATCGATACCGCCAACGGCGTACTGGGTBAGBBCACTGGCTAACGGT
TACAATGCCAGCAATCGTACCACCGCACAGGATGGTTTCACTTTAIOASIISGCACCACCAATGG
TACCACCGCAGTAACCGATTACAGCACTCTACCGGAAGGCATCTGGACGTIAGCGTACAGTTCG
ACGCTACCTGGACCAGTTAA

MKKKVLAIALVTVFTGTGVAQAADVTAQAVATWSATAKKDTTRKLVYIREQYAEGIKGFNSQKGLF
DVAIEGDSTATAFKLTSRLITNTLTQLDTSGSTLNVGVDYNGATVEKMEMDD TANGVLGGNLSPLANG
YNASNRTTAQDGFTFSIISGTTNGTTAVTDYSTLPEGIWSGDVSVQFEXTW

>matB1772
ATGAAAAAAAAGGTTCTGGCAATAGCTCTGGTAACGGTTTTTACCGGDATGGCGCAGGCTGCTGA
CGTAACAGCTCAGGCTGTAGCGACCTGGTCAGCAACAGCCAAAANGIIRAAAGCTGGTTGTGA
CGCCACTCGGTAGCCTGGCGTTCCAGTATGCCGAAGGCATTAAATITATAGAAAGGTCTATTT
GACGTAGCTATCGAGGGTGACTCAACGGCTACCGCCTTTAAACTGATCTTATCACCAACACCTT
AACCCAGTTGGATACCTCAGGTTCCACACTGAATGTGGGCGTTGAGTRIBBGGCAGTCGAAAAAA
CTGGCGATACCGTGATGATCGATACCGCCAACGGCGTACTGGGOESEBBCACTGGCTAACGGT
TACAATGCCAGCAATCGTACCACCGCACAGGATGGTTTCACTTTRIMUALEKISGCACCACCAATGG
TACCACCGCAGTAACCGATTACAGCACTCTACCGGAAGGCATCTGGAGGGAGCGTACAGTTCG
ACGCTACCTGGACCAGTTAA

MKKKVLAIALVTVFTGMGVAQAADVTAQAVATWSATAKKDTTSKLVSIREQYAEGIKGFNSQKGLF
DVAIEGDSTATAFKLTSRLITNTLTQLDTSGSTLNVGVDYNGAAVEKWGIOTANGVLGGNLSPLANG
YNASNRTTAQDGFTFSIISGTTNGTTAVTDYSTLPEGIWSGDVSVQFEXTW

>matBBEN2908
ATGAAAAAAAAGGTTCTGGCAATAGCTCTGGTAACGGTGTTTACCEERINGCGCAGGCTGCTGA
CGTAACAGCTCAGGCTGTAGCGACCTGGTCAGCAACAGCCAAAAMNGIIAIAAGCTGGTTGTGA
CGCCACTCGGTAGCCTGGCGTTCCAGTATGCCGAAGGCATTAAAGIITAUAAAAAGGTCTATTT
GACGTGGCTATCGAGGGTGACTCAACGGCTACCGCCTTTAAACTGACCTUTATCACCAACACCTT
AACCCAGTTGGATACCTCAGGTTCCACACTGAATGTGGGCGTGRRGGERRGGCAGTCGAAAAAA
CTGGCGATACCGTGATGATCGATACCGCCAACGGCGTACTGGGTCEAGBBCACTGGCTAACGGT
TACAATGCCAGCAATCGTACCACCGCACAGGATGGTTTCACTTTAIMUASIKISGCACCACCAATGG
TACCACCGCAGTAACCGATTACAGCACTCTACCGGAAGGCATCTGGAGGTGAGCGTACAGTTCG
ACGCTACCTGGACCAGTTAA

MKKKVLAIALVTVFTGTGVAQAADVTAQAVATWSATAKKDTTSKLVGIREQYAEGIKGFNSQKGLF
DVAIEGDSTATAFKLTSRLITNTLTQLDTSGSTLNVGVDYNGAAVEKWSIOTANGVLGGNLSPLANG
YNASNRTTAQDGFTFSIISGTTNGTTAVTDYSTLPEGIWSGDVSVQFEXTW

>matBBEN79
ATGAAAAAAAAGGTTCTGGCAATAGCTCTGGTAACGGTGTTTACCEIIRINGCGCAGGCTGCTGA
CGTAACAGCTCAGGCTGTAGCGACCTGGTCAGCAACAGCCAAA/NEMIRAAGCTGGTTGTGA
CGCCACTCGGTAGCCTGGCGTTCCAGTATGCCGAAGGCATTAAAGIITAUAAAAAGGTCTATTT
GACGTGGCTATCGAGGGTGACTCAACGGCTACCGCCTTTAAACTGBCCTTCATCACCAACACCTT
AACCCAGTTGGATACCTCAGGTTCCACACTGAATGTGGGCGTGCRRGGERRGACAGTCGAAAAAA
CTGGCGATACCGTGATGATCGATACCGCCAACGGCGTACTGGGTEEBBBCACTGGCTAACGGT
TACAATGCCAGCAATCGTACCACCGCACAGGATGGTTTCACTTTAIMUASIKISGCACCACCAATGG
TACCACCGCAGTAACCGATTACAGCACTCTACCGGAAGGCATCTGGAGGTGAGCGTACAGTTCG
ACGCTACCTGGACCAGTTAA
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MKKKVLAIALVTVFTGTGVAQAADVTAQAVATWSATAKKDTTSKLVGIREQRYAEGIKGFNSQKGLF
DVAIEGDSTATAFKLTSRLITNTLTQLDTSGSTLNVGVDYNGATVEKMHDD TANGVLGGNLSPLANG
YNASNRTTAQDGFTFSISGTTNGTTAVTDYSTLPEGIWSGDVSVQFCRTW

>matB285
ATGAAAAAAAAGGTTCTGGCAATAGCTCTGGTAACGGTGTTTACOBEGNIEECGCAGGCTGCTGA
CGTAACAGCTCAGGCTGTAGCGACCTGGTCGGCAACAGCCAAASNITNITAAGCTGGTTGTGA
CGCCACTCGGTAGCCTGGCGTTCCAGTATGCCGAAGGCATTAAAGITITATAGAAAGGTCTATTT
GACGTGGCTATCGAGGGTGACTCAACGGCTACCGCCTTTAAACTGARUCTIW CACCAACACATT
AACCCAGTTGGATACCTCAGGTTCCACACTGAATGTGGGCGTGRRGHERFBGGCAGTCGAAAAAA
CTGGCGATACCGTGATGATCGATACCGCCAACGGCGTACTGGGTEABBBCGCTGGCTAACGGT
TACAATGCCAGCAATCGTACCACCGCACAGGATGGTTTCACCTT@AACBGUGGCACCACCAATGG
TACCACCGCAGTAACCGATTACAGCACTCTACCGGAAGGCATCTGGAGGTGAGCGTACAGTTCG
ACGCGACCTGGACCAGTTAA

MKKKVLAIALVTVFTGMGVAQAADVTAQAVATWSATAKKDTTSKLVSIREQYAEGIKGFNSQKGLF
DVAIEGDSTATAFKLTSRLITNTLTQLDTSGSTLNVGVDYNGAAVEKWSIOTANGVLGGNLSPLANG
YNASNRTTAQDGFTFTIISGTTNGTTAVTDYSTLPEGIWSGDVSVQFC&TW

>matBBEN2932 (AC/I)
ATGAAAAAAAAGGTTCTGGCAATAGCTCTGGTAACGGTGTTTACCEHEHNIRECGCAGGCTGCTGA
CGTAACAGCTCAGGCTGTAGCGACCTGGTCGGCAACAGCCAAAMIENCARAGCTGGTTGTGA
CGCCACTCGGTAGCCTGGCGTTCCAGTATGCCGAAGGCATTAAAGTTIAUAGAAAGGTCTATTT
GACGTGGCTACCGAGAGTGACTCAACGGCTACCGCCTTTAAACTGADCTTI CACCAACACATT
AACCCAGTTGGATACCTCAGGTTCCACACTGAATGTGGGCGTCGERGGEBRRGGCAGTCGAAAAAA
CTGGCGATACCGTGATGATCGATACCGCCAACGGCGTACTGGGUTEGEEBBCGCTGGCTAACGGT
TACAATGCCAGCAATCGTACCACCGCACAGGATGGTTTCACCTTBACBSUGGCACCACCAATGG
TACCACCGCAGTAACCGATTACAGCACTCTACCGGAAGGCATCTGGAGGTGIAGCGTACAGTTCG
ACGCGACCTGGACCAGTTAA

MKKKVLAIALVTVFTGMGVAQAADVTAQAVATWSATAKKDTTSKLVSIREQYAEGIKGFNSQKGLF
DVATESDSTATAFKLTSRLITNTLTQLDTSGSTLNVGVDYNGAAVEKVRIDITANGVLGGNLSPLANG
YNASNRTTAQDGFTFTIISGTTNGTTAVTDYSTLPEGIWSGDVSVQFCHTW

>matBIHE3072
ATGAAAAAAAAGGTTCTGGCAATAGCTCTGGTAACGGTGTTTACCBEAIHNGCGCAGGCTGCTGA
CGTAACAGCTCAGGCTGTAGCGACCTGGTCAGCAACAGCCAAAAMNGAIAITAAGCTGGTTGTGA
CGCCACTCGGTAGCCTGGCGTTCCAGTATGCCGAAGGCATTAAAXGTI CATAAAAAGGTCTATTT
GACGTGGCTATCGAGGGTGACTCAACGGCTACCGCCTTTAAACTGACCTTATCACCAACACCTT
AACCCAGTTGGATACCTCAGGTTCCACACTGAATGTGGGCGTGARGEATRAGGCAGTCGAAAAAA
CTGGCGATACCGTGATGATCGATACCGCCAACGGCGTACTGGGTBEEBBCACTGGCTAACGGT
TACAATGCCAGCAATCGTACCACCGCACAGGATGGTTTCACTTTAIOASIKISGCACCACCAATGG
TACCACCGCAGTAACCGATTACAGCACTCTACCGGAAGGCATCTGGAGGTGIAGCGTACAGTTCG
ACGCTACCTGGACCAGTTAA

MKKKVLAIALVTVFTGTGVAQAADVTAQAVATWSATAKKDTTSKLVGIREQYAEGIKGFNSQKGLF
DVAIEGDSTATAFKLTSRLITNTLTQLDTSGSTLNVGVDYNGAAVEKWGIOTANGVLGGNLSPLANG
YNASNRTTAQDGFTFSISGTTNGTTAVTDYSTLPEGIWSGDVSVQFEXTW

>matBRS218
ATGAAAAAAAAGGTTCTGGCAATAGCTCTGGTAACGGTGTTTACCBEAINGCGCAGGCTGCTGA
CGTAACAGCTCAGGCTGTAGCGACCTGGTCAGCAACAGCCAAAAMNGMIATAAGCTGGTTGTGA
CGCCACTCGGTAGCCTGGCGTTCCAGTATGCCGAAGGCATTAAAXGTI CATAAAAAGGTCTATTT
GACGTGGCTATCGAGGGTGACTCAACGGCTACCGCCTTTAAACTGACCTTATCACCAACACCTT
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AACCCAGTTGGATACCTCAGGTTCCACACTGAATGTGGGCGTGARGEBERRGACAGTCGAAAAAA
CTGGCGATACCGTGATGATCGATACCGCCAACGGCGTACTGGGTBEEBBCACTGGCTAACGGT
TACAATGCCAGCAATCGTACCACCGCACAGGATGGTTTCACTTTAICASIKISGCACCACCAATGG

TACCACCGCAGTAACCGATTACAGCACTCTACCGGAAGGCATCTGGAGGTGIAGCGTACAGTTCG
ACGCTACCTGGACCAGTTAA

MKKKVLAIALVTVFTGTGVAQAADVTAQAVATWSATAKKDTTSKLVGIREQYAEGIKGFNSQKGLF
DVAIEGDSTATAFKLTSRLITNTLTQLDTSGSTLNVGVDYNGATVEK MDD TANGVLGGNLSPLANG
YNASNRTTAQDGFTFSIISGTTNGTTAVTDYSTLPEGIWSGDVSVQFEXTW
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8.4 In silico analysis of matA promoters by Bprom

The start codon ahatACDS is represented in capital letters.
(http://www.softberry.ru/berry.phtml?topic=bprom&ugm=programs&subgroup=gfindb)

In MG1665

gatttgtaaatctaatccacgttttaaggccgttcagggtcgtaagaaaaa acgttgatt
caaaattcgacggattaacgatatttgtctgattaataatcagatcggatt aatgttggt
gtgtttataacaccaacattaattttcctggggatatattcttcctgttca tttgaggcc
aactgcctgacgtttctctccgaatattccattatcttaatgttgacttgt tgaccagct
tcgcccctgtatgctggeatcaaccctettttagactgaacacgecactca gtctcctce
ctttgcggcgcagcctgcattttcactcaaactgttaagatgataaatgtg gtaaatctg
ttggtactaacataaaaacgtttacgccacaggaacagtctgatccaccgg taaccccgt
cgccgacgttcgagtgccagttagagtaacgcgcacagataactgaatgca gtgccctga
caaaaaggccatcgttcctgtgacagcetggcagcecttcgtttaacttcact taatctggc
tcttgggggcttaccgaacagatgacgtacatacgcccgttcaattttcca ttacttatt
ggaatgaacacctgtaaccattttgtgcggcatgttaatccattaaaatat cttactgat
tggcaaatcatcttcaatgacagctcatcatagttttatattctatcectt acccttaaa
acttgtttttttactagtccatcacacagcgcattaagactattcctaaca cttcagggc
aaagttcctgaccaatataaaatgcaagtaagaattgaacgttatattgcc aataacctt
atgaaaccaaatgtctttttcttcttatcaaaaaagcaatattttcagttt ttctaaata
ttgacttaaccattgaattccttttccgttcacatattgacactcatcggg aaaaaaaac
ataaatttaagcccaatcgaaaataattaaacttaatctcgtttaaccttt attgatatg
tactacgtatcttatttacttccggtttactaaggaaactgaatgcacctg taaaaatta
caggtttggaaagta  GT@catggcaaagtgattacagtagggactatgaggttaaaaac
catatggaatgtcaaaaccgttctgataaatacatctggtctccccatgac gcctacttc
tataaaggactatctgaactgattgtggatatcgacagattaatttatcta tcgttggag
aaaattagaaaagatttcgtgtttatcaatctcagtacggattctttatct gaatttata
aaccgtgataatgaatggttatccgcggtaaaggggaaacaggtcgtattg attgcggec
agaaagtcagaggccttagcaaattattggtattacaatagcaatattagg ggcgtggta

tacgctggactgagtcgtgatattagaaaagaactggtctatgtgattaat

> test sequence

Length of sequence- 1491

Threshold for promoters - 0.20

Number of predicted promoters - 4
Promoter Pos: 1000 LDF- 6.15

-10 box at pos. 985 aattaaact Score 57
-35 box at pos. 966 tttaag Score 35
Promoter Pos: 262 LDF- 4.27

-10 box at pos. 247 ctgtatgct Score 57
-35 box at pos. 223 ttgact Score 61
Promoter Pos: 656 LDF- 2.36

-10 box at pos. 641 cattaaaat Score 68
-35 box at pos. 623 ttgtgc Score 8
Promoter Pos: 1451 LDF- 1.93

-10 box at pos. 1436 tggtatacg Score 46
-35 box at pos. 1413 ttacaa Score 32

Oligonucleotides from known TF binding sites:

For promoter at 1000:
rpoD16: AAATAATT at position 981 Score - 15

-171 -



8. Appendix

argR: AATAATTA at position 982 Score -
arcA: TAATTAAA at position 984 Score -
For promoter at 262:
rpoD16: TCGCCCCT at position 241 Score -
No such sites for promoter at 656
No such sites for promoter at 1451

In IHE3034

gatttgtaaatctaatccacgttttaaggccgttcagggtcgtaagaaaaa
taaaattcgacgaattaacgatatttatctgattaataatcagaccggatt
gtatttattacaccagcattaattttcctggggatgtatcttcctgttcat
actgcctgacgtttctctccgaatattccattatattaatgttgacttgtt
cgccctgtatgctggcatcaactctcttttagactgaacacgccactcagt
ttgcgacgcagcctgcatttacactcaaactgttaagatgataaatgtggt
ggtactgacataaaaacgtttacgccacaggaacggccagatccatcggta
ccgacgttcgagtgccagttagagtaacgcgcacagatgactgaatgcagt
aagaggccatcgttcctgtgacaactggcagtcttcgtttaacttcactta
ttggggggcttaccggacagatgacgtacttacacctgtttaatttttcat
ggatgaacacccataaccattttgtgcggcatgttaatccattaaaacacc
ggcaaatcatctttaattatgacttatgatagttttatattctatttcttg
cttgtttttttactagtccattacacaacacattaagactattcctaacac
aagttcctggctaatataaaatgcaagtaagaattgaacgttatattgcca
tgaaactgaatgtctttttcttcttatcaaaaaagcaatattttcattttt
tgacttaaccatggaattcattttctgttcacatattgacactcatcagga
aaatttaaacctaatcgaaataattaaaacttaatctcgtttaacctatat
ctacgtatcttatttacttccgatttactaaagaaactgaatgtacctgta

17
11

acgttgatt
aatgttggt
ttaaggtca
gaccagttt
ttccteect
aaatctgtt
accccatcg
gccctggea
atttggctc
cacttattg
ttactgatt
tcatttaaa
ctcagggca
ataacctta
tgtaaatat
aaaaaacat
tgatatgtg
aaaattaca

gotttggaaagta ~ GT@catggcaaaatgattacagcagggactatgaggttaaaaacca

tatggaatgtcaaaaccgttctgataaatacatctggtctccccatgacge
taaaggactatctgaactgattgtggatatcgacagattaatttatctatc
aatcagaaaagatttcgtgtttatcaatctcaatacggattctttaactga
ccgtgataatgagtggttatccgcggtaaaggggaaacaggtcgtattgat
aaagtcagaagccttagcaaattattggtattacaacagcaatattagggg
cgctggactgagtcgtgatattagaaaagaactggcctatgtgattaatgg

> test sequence

Length of sequence- 1491

Threshold for promoters - 0.20

Number of predicted promoters - 4
Promoter Pos: 729 LDF- 7.81

-10 box at pos. 714 ATTTAAACT Score 64
-35 box at pos. 694 TTTATA Score 39
Promoter Pos: 260 LDF- 4.93

-10 box at pos. 245 CTGTATGCT Score 57
-35 box at pos. 222 TTGACT Score 61
Promoter Pos: 1038 LDF- 3.54

-10 box at pos. 1023 ACGTATCTT Score 37
-35 box at pos. 1001 TTAACC Score 21
Promoter Pos: 1449 LDF- 1.93

-10 box at pos. 1434 tggtatacg Score 46
-35 box at pos. 1411 ttacaa Score 32

Oligonucleotides from known TF binding sites:
For promoter at 729:
fis: TCTTTAAT at position 670 Score -

phoB: TTTAATTA at position 672 Score -
rpoD17: TTATGATA at position 684 Score -
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fis: TATTCTAT at position 698 Score -
lexA: TTTTTTTA at position 725 Score -

For promoter at 260:
rpoS17: TTATATTA at position
For promoter at 1038:
rpoD16: AAATAATT at position
argR: AATAATTA at position
arcA: TAATTAAA at position
No such sites for promoter at 1449

211 Score -
978 Score -

979 Score -
981 Score -
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Figure 38: Trancriptional organization of the Mat fimbriae genes by RT-PCR.(A) Cotranscript
betweemmatAandmatB1: DNA ladder; 2: cDNA; 3: DNA. (B) Cotranscript tseeenmatAandmatD.The
size of the cotranscript fit with the theorical pimecluding the orf oimatBandmatC 1: DNA ladder; 2:
cDNA. (C) In the line 2, the amplification of a hiscript product betweematD and matEis negative. It
isn’t the case in the line 3 betwesratEandmatF. 1: DNA ladder; 2: cDNA; 3: DNA; 4: cDNA; 5: DNA

(D) Control of the absence of DNA in the RNA sansplsed in these experiments. 1, 2, 3: RNA samples;
4: DNA sample (control).
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laclq promoter
lacl

SY327Ip (100.0%)

lacZ-Bglll-up (80.0%)

pBR322 origin: RNA primer-DNA junction Begin Ptac DNA fragment

- Ptac promoter

Begin malE DNA fragment
start pPBR322 origin: RNAII promoter malE start codon (ATG)

Bgll (1888)

delta PAI V up (75.0%)
leu2 (75.0%)

MalE

Sequence of malE primer #1237
Start polylinker, factor Xa site

M13 origin

ApR

matA
Ec®RI (3287)

Start pBR322 sequence \
\ Barhil (3293)

Start lacZ-alpha sequence (CA CTG GCC)
complement of M13/pUC sequencing primer #122.
Start rrnB terminator DNA fragment

First in-frame stop codon for lacZ-alpha (TGA)

Pst junction
i

Blunt end
e

I

Figure 39: Map of plasmid pBAU constructed during his work. Plasmid pBAUlwas constructed by
cloning a PCR-generated fragment encoding MatA fieétBE3034. This fragment was a blunt-end and
contains aPst site. It has been purified and digested by thetrigtion enzymePsi. pMAL-c2x was
digested by<mr which produces a blunt end and Bgt which does a « sticky » end. The primers 1224
and 1237 were used for sequencing of the plasmid.

- 175 -



8. Appendix

Table 19: Significant up regulated genes in IHE303dompared tomatA mutant at 20 °C. px 0.05
sd: standard deviation

Mean SD
(Stats) (Stats)

E100000285 3,697 0.333 yagZ hypothetical protein

E100000286 2,188 0.484 ykgK CDS

E100002824 2,603 0.019 ECs3760 -

E200000691 2,781 0.818 ECs0323 -

E20000069Q 3,433 1,038 b0292 yagY

E200000372 1,254 0.203 b2390 ypeC

E100002347 1,274 0.228 ypeC CDS

E10000101Q 2,724 0.08 b1037 csgG

E100000284 3,197 0.664 b0292 yagY

E200000154 1,043 0.416 b4060 yjcB

E200002134 1,097 0.038 c3386 -

E200000024 1,335 0.058 ECs0376 -

E200001368 2,056 0.93 b1309 yciM

E200001350Q 1,233 0.059 ECs1835 -

E100003952 1,233 0.562 75659 yjcB

E10000491Q 3,112 0.18 71444 -

E100000918 1,704 0.108 b0943 ychV

E200000238 1,760 0.895 ECs0880 -

E200003125 1,745 0.945 +:4432085~4432158Lredict CGH_oligo

E100005076 1,780 0.139 ECs1084 -

E100000283 4,001 2,244 yagX CDS

E100000778 1,782 1,035 b0802 ybiJ

E20000181Q 1,591 0.933 b2148 mgIC

E100004983 1,307 0.123 ECs1292 -

E200002372 2,434 0.237 c3786 -

E100004695 2,561 0.27 +:690199~690268 -

E100000832 1,145 0.127 b0856 potH

E100002503 1,243 0.788 b2552 hmp

E20000130Q 2,155 1,397 b1166 ymgB

E100002199 1,433 0.18 b2241 glpA

E100001280Q 2,467 1,067 b1309 yciM

E100001956 1,482 0.189 b2861 | b1997 | insC-4 | insC-3 |
b1403 | b4272 | insC-2 | insC-6
b0360 | b4579 | | insC-1 | yaiX |
b3044 insC-5

E100003468 1,220 0.818 b3546 eptB

E200001963 1,157 0.513 c3032 yfgJ
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Table 20: Significant down regulated genes in IHE3® compared tomatA mutant at 20 °C. px 0.05
sd: standard deviation

ID arrays Mean SD (Stats)| Gene name

(Stats)
E100005414 -1,136 0.283 ECs2161 -
E100001474 -2,420 0.041 b1503 ydeR
E100004207 -3,805 0.146 b4320 fimH
E100002437 -1,009 0.435 b2486 hyfF
E100002375 -1,095 0.501 b2424 cysU
E100000319 -1,064 0.487 b0327 yahM
E100003253 -2,267 0.16 b3330 gspl
E100005751 -1,211 0.088 ECs4382 -
E100002499 -2,671 0.197 b2548 yphF
E100003942 -2,044 0.155 75648 yjbO
E100004617 -1,044 0.563 ECs0280 -
E100003831 -1,213 0.658 b3927 glpF
E200000374 -1,622 0.903 b2421 cysM
E200002144 -1,122 0.099 c3396 -
E100002372 -1,469 0.843 b2421 cysM
E100004597 -1,862 0.173 ECs0224 -
E200001769 -2,506 0.259 c2607 -
E200000377 -1,461 0.892 ECs3296 -
E100002376 -1,035 0.408 b2425 cysP
E200002115 -1,187 0.13 c3340 -
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Table 21: Avian top up regulated genes in BEN374 &l °C versus 37 °C. £ 0.05

sd: standard deviation

Reporter Name SignificanceTest153811_mean | M1_sd
:P ::isolation origin: | (log2)
avian Dataset

ykgE 0.00543993 1.269749240.35086892
araC 0.0047973 1.549559910.40986838
betl 6.58E-05 1.2593329(10.07818977
yedU 2.70E-05 3.973524850.1832899
cysJ 0.00888352 2.59508298).85196114
cysH 0.04874303 1.711335781.06435617
hdeB 0.00432877 1.04748358).26736674
cysD 0.00638976 3.685384561.07727588
hdhA 0.00019981 1.568090080.14120136
CysA 0.01873467 2.185914240.93977641
ykgF 0.00752802 1.071723670.33184566
katE 0.00050232 1.02019869.12517021
b0834 0.00039605 1.10588983).12526557
cysK 0.00885973 2.15558396).70700166
cysW 0.02311901 1.37360156).63866395
cysl 0.01922881 2.874635721.2478343
cysN 0.02931913 1.841162170.93684437
ybil 0.02354102 1.178874440.55186429
slp 0.00089129 1.160612940.17275505
msyB 0.00078219 1.08581853.15465298
PAI | ORF55 0.00057021 1.6095091] 0.206079
deoA 0.00096356 1.28919879.19701739
cdtB 0.00034247 1.30049663).14029228
ME_EO_28Corf8 1 | 0.00034578 1.230281440.13314663
ME_EO_28Corf7_1 | 0.00071355 1.21381028).16760954
cdtC 0.00048255 1.2712113D.15387641
ME_EO_28Crorfl 1| 0.00153983 1.041083570.18648747
deoC 0.00061479 1.321098110.17349344
cdtA 0.00141583 1.1896252%).20710662
ME_EO_28Corf9 1 | 0.00059416 1.155235270.14997762
betB 0.00036858 1.256413740.13892192
galT 0.00185744 1.198444040.22881511
b0833 0.00212187 1.01613398).20301395
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Table 22: Avian top down regulated genes in BEN374t 41 °C versus 37 °C. § 0.05
sd: standard deviation

4

!

Reporter Nameg  SignificanceTest1535 :P [{M1_mean | M1_sd
isolation origin: avian (log2)
Dataset

flgB 0.00023256 -2.012817860.19070144
flgF 0.0002785 -2.222061940.22364108
map 0.00016849 -1.015143520.08633757
cheB 7.53E-05 -3.7688382| 0.24482141
fliL 5.64E-05 -2.2611095p0.1334074
cheA 0.00011989 -2.709619730.20564986
fliz 0.00010914 -2.72955985).20075362
flio 0.00029024 -2.407864270.24572189
fliC 0.00035036 -3.488070510.37916578
ydbU 0.00083735 -1.334761070.19453245
b1409 0.00034631 -1.072894470.11617281
fliH 0.00070188 -1.4269189 0.19594497
tap 0.00166095 -1.19696049.21999943
fliJ 0.00074401 -1.008580960.14124773
tar 0.00018122 -2.94120338).25632243
flnE 4.45E-06 -1.869798530.04726676
flnB 0.00082638 -1.970155260.28586187
flgK 6.87E-06 -2.9417715p0.08595024
flgL 6.69E-06 -1.958641950.05672199
csgC 0.00068452 -1.810896380.24658255
flgA 4.25E-05 -1.3646321| 0.07323861
flgH 0.00019526 -2.355718820.21049316
yhjB 0.00083492 -1.447416670.21074456
yhjH 0.00062025 -3.474912020.45770529
yihw 0.00211656 -1.8436122 0.36802136
yhcl 0.04411655 -1.758154171.05019683
yhcH 0.03507661 -1.693803260.92384214
nanA 0.01985392 -1.8041949 0.79251664
nlp 0.00038377 -1.35014273).15132275
ycgR 0.00169024 -2.351197640.43472281
chez 0.0013391 -3.012108630.51457121
fliD 0.00241675 -3.594411250.75077439
aer 0.00150244 -1.699379970.30187626
b1773 0.00511914 -1.19631243).32365422
malE 0.01985466 -1.331259590.58478154
flgN 0.00016894 -2.879236580.24509403
flgC 0.00020136 -2.23760725.20201177
flgE 0.00036699 -2.514922680.27767125
fhuF 0.00998924 -1.045230210.35776244
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D

tsr 0.00157304 -3.6052467/0.65050185
ynbD 0.00048208 -1.7430733  0.21092353
cheY 2.47E-05 -3.880650840.173739
fliG 0.00032325 -2.07362285.21940039
fliK 0.00324853 -1.843146490.42608528
cheW 0.00022486 -1.68610999.15795702
fliM 4.57E-05 -1.422907840.07820919
fliN 0.0005922 -1.712594290.22208988
fliA 0.00021158 -2.42582685.22266396
fliP 0.02156804 -1.366873410.61921823
flgJ 0.00054507 -1.748201570.22046687
b1742 0.00270855 -1.1329390%0.24605796
ompF 0.00722695 -1.344750130.41044479
fliS 0.0033748 -1.792650210.41988537
cheR 0.00080308 -1.203726  0.17297841
motB 5.09E-05 -2.6296571p0.14985877
flnA 0.00017495 -1.324250090.11405464
b1936 0.00056956 -1.987189860.25433917
ycgC 0.00849791 -1.0437509%.33731571
b1760 0.00107619 -1.152134190.18277749
flgD 0.00043529 -2.536826350.29661784
flgG 0.00032966 -2.533677210.26984862
flgl 0.00012266 -2.08904810.15976741
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Table 23: Human top down regulated genes in IHE3034t 41 °C versus 37 °C.$0.05
sd: standard deviation

Reporter | SignificanceTest1535 :P :: M1 _mean M1 sd

Name isolation origin: human Dataset:

fes 0.00386284563881326 -1.15266614029998  0.42897734585
flgB 0.00165791005509875 -1.91183705801925 0.56703868434
flgF 0.000287636997653689 -2.17397106215668 0.4092353243
cheB 0.000821598119843325 -2.3429717961473 0.57808697230
fliL 0.000307607272573077 -2.26425342270288  0.4336180D4B
cheA 0.000284861975609235 -1.32463484526167 0.2487368983
fliz 0.000780512250565772 -2.76935743864626  0.67423245365
flio 0.000243635467993889 -2.5939092943516 0.46799584964
fliC 8.34672521255049e-05 -2.78646540843283  0.3829048342
b1966 0.0011976961046789 -1.31821748074826  0.358886783269
fepA 0.00343193512200591 -1.37306500084017  0.494819591%4
b1409 0.00129111920298342 -1.0197049508122 0.283144222498
fliH 0.00140447644736106 -1.53154403226546  0.434786B6H26
fliJd 0.000149579616436901 -1.07329524529617 0.17101B6878
tar 0.000766981686006271 -1.85626990631802  0.4498855533
flhnE 0.000375431684861607 -2.17737148514964  0.4388369952
flnB 0.00035559479731418 -2.32258038953752  0.46162648281
fliQ 7.18424993379995e-06 -1.29324159066566  0.09583363303
flgK 0.000613086519576464 -2.56135347528802 0.5857674935
flgL 0.00163360463819056 -1.70623880018184  0.50408622905
csgC 0.00539638291472146 -1.8625949712369 0.759929293347
flgA 0.000907843569342958 -1.27759338306054  0.323522063856
flgH 0.000404800575931716 -2.64289857057522  0.54306PP&55
yhjB 0.00336033410467438 -1.01436002570629  0.36346631924
yhjH 0.000945507005267344 -2.52742890540981 0.64683536P9
argT 0.0211219508414274 -1.17853621945433  0.715252592945
nanT 0.0236263762774541 -1.22940835681496 0.772616123902
yihw 0.0269574354827996 -1.08362064893766  0.7099847855/8
fliF 0.000883922212047538 -1.20917012525715  0.3040729%58
nanA 0.0212245498255773 -1.16716976740421  0.70941708B844
nip 5.38360606041522e-05 -1.45834142768851  0.1793738693
oppD 0.00592653412209246 -1.013529549230385  0.424429385096
ycgR 0.0149809176055956 -1.05268856926527  0.575587960B25
chez 0.000774330247263263 -1.919974576261Y4  0.4664790085
fliD 0.000245758902350417 -3.14395078969126  0.5684980924
ompC 0.000771816420381955 -1.60642288303423  0.38996356934
iIvE 0.0193207355291711 -1.00771834469349  0.5950347835637
aer 0.000313845527328577 -1.78093530500525 0.3428180804
yhaO 3.19243761481044e-05 -1.06051894981428  0.1143379223
yeeY 0.0195227757218422 -1.14631235312373  0.679032483378
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proX 0.00523348380164017 -1.16043885611988  0.46944922852
cstA 0.0321119873115126 -1.20179779833286  0.833139508311
b0805 | 0.00123427396838618 -1.55897805360676  0.42779723986
figN 0.000375328402652755 -1.92149857315448  0.3872338235
figC 0.00118877257829624 -2.05595890698037  0.55864188897
figE 0.00126578652649858 -2.55235681236279  0.70504083791
b2862 | 0.00647610328459191 -1.02491540129356  0.43996643212
viiY 0.0378351616725445 -1.50185173943065  1.099186387588
tsx 0.020406266348883 -1.00639965516503  0.6043181398501
cspA | 0.0250851851670845 -1.33665228715835  0.855997014867
fhuF 0.00189758645581629 -1.02602119317015  0.315399831722
tsr 0.0137824468905127 -2.13600252538727  1.139326786912
cspE 0.0417738493782889 -1.0758194098531  0.8141629812964
ivC 0.00317505182314715 -1.00371315378675  0.35416943620
IHE3034 | 0.0379643428356921 -1.05514668224678  0.773131160390
_1.CDS

89 0 0

ynbD | 0.00274763253405157 -1.50183245521146  0.54020905388
dgoA | 0.0259397558264108 -1.4510698966484  0.9391745588401
cheY | 0.000170869292270854 -3.20803698876288  0.5437268598
b2809 | 0.00783762772373267 -1.51349240492987  0.68559274330
fliG 0.000258616096326294 -2.39018222733195  0.4378626632
fliK 0.000127552237935764 -2.02677253555812  0.3101226028
fliM 0.000224477729746573 -1.57496213329067  0.27827G6I63
fliy 0.00340502298195746 -1.15196255182291  0.41425303933
fliN 0.000235132533760962 -2.05478787360906  0.3673788852
fliA 0.000405730780830484 -2.60132362482082  0.534836@428
flip 6.43580411730899€e-05 -2.13762729404781  0.2750429338
figd 0.000319625082571068 -2.04796824504786  0.39606 10854
ompF | 0.0152214392620137 -1.58090888802837  0.8685294 23876
fliS 0.000148385595209592 -1.23772935732161  0.1968005368
motB | 0.00186180345915739 -1.26890930621845  0.38809683468
flnA 4.25604196408359¢-05 -2.17447880299794  0.2520573G9&
b1936 | 0.00500213080767171 -2.14389728033412  0.85652626812
yagU | 0.0462922159546442 -1.01675962204753  0.797116129299
figD 0.00146376910448892 -2.46859727333852  0.7084810B0%0
flgG 0.000450228221522131 -2.51542862958143  0.5312002538
flgl 0.000300209244571578 -2.31780826989561  0.4411158641
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Table 24: Human top up regulated genes in IHE3034t&1 °C versus 37 °C. g 0.05
sd: standard deviation

Reporter SignificanceTest1535:P :: | M1_mean | M1_sd
Name isolation origin: human

Dataset:
codB 0.01173818 1.40769138).71622353
b1498 0.00608196 1.555517940.65611535
yedU 3.26E-06 4.2714317| 0.25956227
b1171 0.00402307 1.203813410.45301183
hdhA 0.00083504 1.749706740.4335345
yfeA 0.00065681 1.1317387 0.26347573
b0834 0.00089373 1.2118786%.30563169
yggB 0.00097419 1.1158415%).28780917
PAI 0.00028539 1.058913(090.19893336
| ORF55
pyrl 0.01987001 1.469927(070.87545328
pyrL 0.04121575 1.481487881.11604763
purkK 0.03273331 1.09608159.76463036
ME_EO_ 6.94E-06 1.1815360B0.08680604
28C rorfl 1
b1497 0.0034056 1.275014490.45852511
napD 0.00089112 1.18312757.29815342
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PMAL-c2X pBAU1= malE-matA

MBP2- MatA

66 kDa wu
GroEL 57 kDa

45 kDa -
— 50 kDa -—

e MBP2{3-gala -

-

-

30kDa ..,

Figure 40: Analysis of protein expression of the protein fusio MalE-MatA (pBAU1). The expression
was done inEscherichia coliBL21, at 37°C and in LB medium, following the méacturer protocol

(IPTG induction) and checked on SDS-PAGE, 12%.
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Figure 41: Cloning of matA and its promoter region of IHE3034 The cloning procedure was done
following the manufacturer protocol, after ampliimn of matAand it promoter from the strain IHE3034
by the DAP polymerase, using the following primenstA left 15 feb 2005 and intergenique matA regers
8 february 2005. In PGEM-T Easy, the product wasckhy sequencing with the primer T7.
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MG1655 wt

MG16554matA::cat
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I MG16554matA::cat

B MG16554matA
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Ealh s s e ; e
Figure 42: Construction of MG16554matA. (A) Verification of matA deletion by red recombination
and insertion of chloramphenicol resistancat)(gene. PCR amplification using primer matA lefidan
integenic complete right ctrl: wildtype strain befaecombination. (B) Verification afat gene deletionin
MG1655. The antibiotic marker could be removed witie help of the FLP recombinase (encoded on
plasmid pCP20), which mediates recombination betvtbe two FRT sites flanking the antibiotic cassett
thus leaving behind a complete deletion of the agewing frame.
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Figure 43: Construction of BEN3744hchA:: cat. (A) PCR amplification ofcat gene on pKD3. The
construction of the mutants was performed usingainDNA for recombination, as described by Wanner
and Datsenko (2000). This method relies on theaogphent of a chromosomal sequence with an antbioti
marker that is generated by PCR using primers titmology extensions to the flanking regions of the
target sequence (see method section 4.1.13). (B)\R@fication using primers binding outside thelitg
sequences dfchA(coding for YedU).
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BEN374AmatA
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Figure 44: Construction of BEN3744matA:: cat and of BEN3744matB:: cat. (A) Construction of
BEN374 4matA:: cat PCR verification using primers binding outside toeling sequences afatA.The
arrows represent the false-positive clones. (B)dfrontion of BEN3744matB:: cat PCR verification
using primers binding outside the coding sequentesatB.(C) PCR amplification o€at gene on pKDS3.
The construction of the mutants was performed usimgar DNA for recombination, as described by
Wanner and Datsenko (2000). This method reliesherréplacement of a chromosomal sequence with an
antibiotic marker that is generated by PCR usinig@rs with homology extensions to the flanking oegi

of the target sequence (see method section 4.1.1Bpmology extensions to the flanking regionsnattA

2: homology extensions to the flanking regionsnaitB
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8.4 FIliC expression analysis in IHE3034 and itsiso  genic mutant
IHE3034 AmatA

1 2

—— FIiC,, (62 kDa)

Figure 45: Analysis of FliC expression during the xponential phases at 20 °C and in LB medium.
The immunoblot was performed on a whole-cell protektract of IHE3034 and its isogenic mutant
IHE30344matA Culture was performed in LB medium, at 20 °C, 20@ and for an OF, 0.6. Lane 1E.

coli IHE3034; lane 2E. coli IHE3034 4matA. An overexpression of the FliC protein is provedtlie
mutant strain. It confirms the data known about és¢ablishment of biofilm structure which needs a
decrease of the motility when the fimbriae respaliesof the biofilm, Mat fimbriae in our conditionare
expressed.
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8.4 Abbreviations

g = microgram

pl = microliter

uM = micromolar

pm = micrometer

A = adenine

a.a.= amino acid

AFM = atomic force microscope

Ap = Ampicillin

APS = ammonium persulfate

BLAST = Basic Local Alignment Search Tool
bp = base pairs

3-ME = beta-mercaptoethanol

°C =grad celsius

C = cytosine

CAMP = cyclic adenosine monophosphate
CAS = chrome azurole S

cat = chloramphenicol acetyltransferase
CDS = coding sequence

CFU = colony forming unit

Cm = chloramphenicol

cm = centimeter

dATP = desoxyadenosin-5'-triphosphate
dCTP = desoxycytosin-5'-triphosphate
dGTP = desoxyguanosin-5'-triphosphate
dH20 = distilled water

dNTP = desoxynucleotide

dTTP = desoxythymidin-5'-triphosphate
DEPC = diethyl pyrocarbinate

DNA = desoxyribonucleic acid

DNase= Desoxyribonuclease

EAEC = enteroaggregativi. coli

EDTA = Ethylendiamintertraacetat
EHEC = enterohemorrhagi€. coli

EIEC = enteroinvasivé. coli

EPEC = enteropathogeni€. coli

EPS= extracellulat polymeric substance
et al. = et altera (and others)

ETEC = enterotoxigeni&. coli

EtOH = ethanol

EXPEC = extraintestinal pathogente. coli
Fig. = figure

Fis = factor for inversion stimulation
FPLC = Fast protein liquid chromatography
FRT = Flp recognition target
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g=gram
G = guanine

GEI = genomic island

h = hour

HDTMA = hexadecyl-trimethyl-ammonium bromide
H-NS = histone-like nucleoid structuring protein
HU = heat-unstable nucleoid protein

ICiIA = inhibitor of chromosome initiation A
i.e.=id est (this means)

IPEC = intestinal pathogeni€. coli

kb = kilo bases

kDa = kilo Dalton

Km = Kanamycin

| = liter

LB = lysogeny broth

M = molar

mA = milliampere

mg = milligram

min = minute

ml = milliliter

mM = millimolar

mm = millimeter

MOPS =

NBM = newborn meningitis

ng = nanogramm

NMR = nuclear magnetic resonance

nt = nucleotides

OD = optical density

oligo = oligonucleotide

ON = overnight

ONPG = o-Nitrophenyl-3-galactopyranoside
ORF = open reading frame

PAI = pathogenicity island

PBS= Phosphate buffered saline

PCR = polymerase chain reaction

PIPES = 1,4-piperazine-diethane-sulfonic acid
RNA = ribonucleic acid

RNase= Ribonuclease

Rob = replication origin binding protein

rpm = rounds per minute

RT = reverse transcription

SD = standard deviation

SDS= sodium dodecyl sulfate

sec= second

Spec= Spectinomycin

SSC= standard saline citrate
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T = thymine

TAE = Tris-acetate-EDTA

TBS = Tris-buffered saline

TEMED = N,N,N’,N -tetramethyldiamin

Tet = Tetracyclin

Tris = Trishydroxylmethylaminomethan

U = enzyme unit (1 U=Lmol substrate x min-1)
UPEC = uropathogeni&scherichia coli

UTI = Urinary tract infection

V = Volt
v/v = volume/volume
wt = wild type

w/v = weight/volume
X-gal = 5-bromo-4-chloro-3-indolyp-glucoside
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8.5 Curriculum vitae

PHILIPPE BAUCHART
Date and place of birth: 29.12.79, in Toulouse jEeg

WORK EXPERIENCE

Jan 2004 - Institute for Molecular Infection Biology Wirzburg, Germany
Jun 2008 : PhD fellow from the Bavarian research foundatiomp@visor: Prof. J.
Hacker)

* Lead a research project in the fieldesfcherichia colistrains involved
in extraintestinal infection and the charactermaof new virulence factors

* Managed a successful collaboration with 2 laborasofrom Helsinki
(Finland) and Tours (France) in the context of anolgean project

Feb - Jul  National Veterinary school of Toulouse, France

2003 : DEA internship (Supervisor: Prof. E. Oswald)
“Development and optimisation of a new reporterteys to study the
translocation of a new effector molecule of theety secretion system in
Escherichia colpathogen”

Sep 2002 - National Institute of Applied Sciences (INSA), Toubuse, France
Jan 2003 : DEA Internship (Supervisor: Dr. A. Marty)

"Characterisation and molecular evolution of lipadB2 from Yarrowia
lipolytica”

Jul 2001 - Institute Claudius Régaud, Toulouse, France
Sep 2001 : Voluntary internship (Supervisor: Dr. D. Lautier)

"Oncogenic expression of NPM-ALK: Sensibility testis-a-vis of
genotoxic reagents and involvement of the DNA repachanisms”

EDUCATION

2004-2008: PhD position at the Institute for Molecular Infecti Biology, Wiirzburg,
Germany. Subject: Evaluation of the zoonotic ridk Escherichia coli
strains involved in extraintestinal infection ofrhans and avians

2002-2003 DEA (diploma after 5 years of higher educatianpBiology-Health-
Biotechnologies: Microbiology: Physiology and Molgar genetics. With
honors. (Paul Sabatier University, Toulouse, France

2000-2002 Master’'s degree in Cellular Biology, direction dvbbiology. With honors,
Major. (Paul Sabatier University, Toulouse, France)
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1999-2000 Two-year university degree in cellular biologya{ll Sabatier University,
Toulouse, France)

1997-1999: First cycle of medical studies. (Paul Sabatiendrsity, Toulouse, France)

1997: Baccalauréat S SVT, French equivalent to the FBghool Diploma. With
Honors.
LAB SKILLS

Molecular Biology: DNA/ RNA extraction/ purification, cloning, PCR, RA-PCR,
Real —time RT-PCR, primer extension, northern atithern blot, genome (sequencing
and SNP analysis) and transcriptome (microarrayd statistics) analysis, cloning,
directed mutagenesis, gene fusion, pulse fielelgeitrophoresis (PFGE).

Biochemistry: SDS PAGE western blot, protein purificatioepnstruction and validation
of reporter system&nantioselectivity studieELISA, enzymatic essays, cytotoxic test.

Cellular biology: cell culture (eukaryote and prokaryote), host-pgémo interaction,
fermentation (2 liters bioreactor), fluorescencecnoscopy, mutagenesis test, biofilm
formation test.

Bioinformatic: Vector NTI, Modelling software on Silicon Graphic32 R.10000
workstation (Insight Il, Builder, Biopolymer, Diseer), microarray analysis software
(GenePix Pro6.0, EMMA software 2.4) and statistiaablysis software (R software,
Acuity software), analysis and comparison softwdoe genomes and sequences
(Artemis, blast, clustlaw, BioEdit). Good compuséills in MS Office, EndNote.

ENGLISH WORKSHOPS

2007 : “Oral presentation”, ICCON, Dr. A. Roos (Wurzbufggrmany)

2006 : “Drug target analysis; From genome to drug targeltsdelling and docking;
Genome analysis” (Wurzburg, Germany)

2006 : “Human and Microbial genomics: DNA Arrays appliedHuman Pathogens and
Diseases”, FEBS formation (Athens, Greece)

2006 : “Effective Scientific writing” and “Poster Desigand Poster Presentation”,
Bioscript International, Dr. R. Willmott (WUrzbur@ermany)

2005 : “Microarray Data Analysis with EMMA 2.0” (Bielefedg Germany)

FOREIGN LANGUAGES

* English: fluent in spoken and written
* German: basics (4 years in Germany)
» Spanish: basics
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